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Abstract		Solar	 power	 is	 fast	 becoming	 the	 “go-to”	 form	 of	 renewable	 energy.	 The	most	likely	reason	for	this	is	the	ease	at	which	solar	panels	can	be	installed	on	private	residences	and	other	buildings.		Government	incentives	and	rebates	in	countries	such	as	Australia	have	also	 spurred	along	 the	 industry	making	 it	 an	affordable	option	 for	 the	public	as	well	as	private	business.	Although	silicon-based	panels	offer	 moderate	 efficiencies	 and	 a	 decent	 return	 on	 investment	 newer	technologies,	 in	 particular	 organic	 photovoltaics,	 offer	 an	 exciting	 alternative	with	 the	 potential	 to	 give	 cheaper	 power	 devices	 with	 lower	 impact	 on	 the	environment.	 In	this	body	of	work,	the	synthesis	of	several	acceptor	and	donor	compounds	 used	 with	 in	 the	 bulk-heterjunction	 (BHJ)	 architecture	 organic	photovoltaic	device,	is	presented.			The	donor	compounds,	AS-1	and	AS-2,	were	designed	in	order	to	investigate	the	effect	 that	 insertion	of	a	 thiophene	pi-spacer	would	have	of	 the	properties	of	a	triphenyl	amine	donor-acceptor-donor	(D-A-D)	compound.	Results	showed	that	the	 thiophene	 containing	 compound	 (AS-2)	 had	 far	 superior	 optical	 and	electronic	properties	compaired	to	AS-1	as	well	as	experiencing	no	ill	effects	on	solubility	 or	 processability	 despite	 having	 no	 solubilizing	 alkyl	 chains.	 The	thiophene	 insertion	 resulted	 in	 a	 lowering	 of	 the	 band-gap,	 increased	 light	harvesting	 ability	 and	 superior	 electronic	 performance.	 In	 simple	 bulk-heterjuction	cells	using	PCBM61	as	an	electron	acceptor	AS1	gave	an	open	circuit	voltage	 (Voc)	 of	 0.90	 V,	 a	 current	 density	 (Jsc)	 of	 3.15mA/cm2	 and	 a	 power	conversion	 efficiency	 (PCE)	 of	 1.23%.	 AS2	 however	 greatly	 outpaced	 its	counterpart	with	thanks	to	the	thiophene	spacer	with	a	Voc	of	0.88	V,	Jsc	of	8.01		mA/cm2	and	a	PCE	of	4.01%.		The	 acceptor	 compounds	 consisted	 of	 two	 groups;	 class-A	 and	 class-N	compounds.	Both	class	of	 compounds	contained	diketopyrrolopyrrole	 (DPP)	as	either	 the	 central	 (class-A)	 or	 terminal	 (class-N)	 moiety.	 For	 the	 class-N	compounds	 N6	 and	 N7	 were	 designed	 and	 synthesised.	 N6	 contained	 a	
	 ix	
benzothiadiazole	central	unit	with	two	DPP	moieties	attached	to	create	an	A-D-A	structure.	The	compound	exhibited	a	strong	absorption	in	the	visible	range	and	appropriate	 HOMO/LUMO	 energy	 levels	 to	 be	 paired	 with	 poly-3-hexyl	thiophene	(P3HT).	When	paired	with	the	ever-versatile	electron	donor	P3HT	in	a	1:1	blend	in	a	bulk-heterojunction	device	architecture	it	gave	a	Voc	of	1.08	V,	Jsc	of	2.06		mA/cm2	and	a	PCE	of	1.08%.	At	the	time	of	testing	this	was	one	of	the	best	performing	non-fullerene	DPP	containing	small	molecules.		N7	was	a	similar	construction	to	N6,	differing	in	the	central	moiety.	N7	used	an	N-alkyl	substituted	carbazole	moiety	as	the	central	unit.	The	compound	also	gave	strong	absorption	in	the	visible	region	with	appropriately	placed	HOMO/LUMO	levels.	When	paired	with	P3HT	in	a	1:1.2	ratio.	A	Voc	of	1.17	V,	Jsc	of	3.16		mA/cm2	and	a	PCE	of	2.30%	were	recorded.	Using	N7	in	these	devices	required	no	special	treatment	and	the	results	obtained	from	them	are	among	the	highest	values	for	a	single	 junction	 bulk-heterojunction	 cell	 using	 a	 non-fullerene,	 small	 molecule	acceptor.		The	class-A	compounds	consisted	of	an	A-A-A	design,	in	which	DPP	was	to	be	the	central	 acceptor	 moiety.	 The	 other	 moieties	 were	 to	 be	 para-nitrophenylacetonitrile	 (A1),	 4-(2-methoxyethoxy)-3-oxobutanenitrile	 (A2),	 3-dibutylbarbituric	 acid	 (A3),	 and	 2-ethyl	 rhodanine	 (A4).	 All	 compounds	 were	synthesised	simply	by	refluxing	the	bis-carbaldehyde	homologue	of	DPP	with	the	corresponding	 nucleophile.	 The	 synthesis	 itself	 appeared	 to	 be	 simple,	 the	desired	 compound	 forming	 as	 the	 major	 product.	 There	 was	 however	 small	amounts	 (typically	 10	 –	 15%)	 of	 the	mono-condensed	 compound.	 This	 proved	troublesome	and	practical	removal	of	the	byproduct	was	only	achievable	for	the	barbituric	homologue.		The	 inability	 to	remove	 the	 impurity	 is	 in	part	due	 to	 the	 innate	 insolubility	of	both	compounds.	The	optical	properties	of	the	class-A	compounds	however	were	promising,	 showing	 decent	 absorption	 in	 the	 visible	 region	 and	 it	was	 for	 this	reason	 A5	 and	 A6	 were	 subjected	 to	 photovoltaic	 testing,	 despite	 the	 poor	solubility.		Unfortunately	they	showed	little	to	no	activity,	which	is	likely	a	result	of	poor	solubility	leading	to	inhomogeneity	in	the	blend.	
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1.0	Introduction			
1.1 The	Photovoltaic	Effect	and	Early	Solar	Cells			 In	1839	Alexandre	Edmond	Becquerel,	 a	French	physicist	and	 the	 father	of	famed	 physicist	 and	 Nobel	 Laureate	 Antoine	 Henri	 Becquerel	 (who	 alongside	Marie	and	Pierre	Curie	discovered	radioactivity),	conducted	a	simple	experiment	in	 his	 father’s	 laboratory.1	 The	 experiment	 consisted	 of	 an	 acidic	 solution	 of	silver	chloride	and	two	platinum	electrodes.	When	the	solution	was	illuminated	Becquerel	observed	a	small	but	measurable	voltage	across	the	two	electrodes.	At	age	19	Becquerel	had	 invented	 the	 first	photovoltaic	 cell	 and	at	 the	 same	 time	discovered	the	photovoltaic	effect,	also	know	as	the	“Becquerel	effect”.				Becquerel’s	 work	 in	 photovoltaics	 also	 paved	 the	 way	 for	 the	 work	 into	 the	photoelectric	effect	as	his	experiments	 illustrated	that	a	relationship	did	in	fact	exist	between	 light	and	electricity.	 In	 recognition	of	his	achievements,	 in	1989,	the	 150th	 anniversary	 of	 Becquerel’s	 experiment,	 the	 European	 Commission	founded	 the	 “Alexandre	 Edmond	 Becquerel	 Prize”.	 This	 award	 is	 presented	annually	at	the	“European	Photovoltaic	Solar	Energy	Conference	and	Exhibition	(EU	PVSEC)”	to	European	citizens	for	“outstanding	merits	in	photovoltaics”.			Although	 Becquerel’s	 discovery	 was	 groundbreaking,	 and	 like	 most	 new	 and	infant	discoveries,	it	would	take	time	and	the	work	of	countless	others	until	this	effect	 could	be	 fully	 taken	advantage	of	 to	make	stable,	 functioning	and	usable	devices.	 One	 major	 discovery	 that	 assisted	 this	 effort	 was	 the	 discovery	 of	photoconductivity.			While	 working	 on	 various	 projects	 involving	 underwater	 telegraph	 wires	 an	electrical	 engineer	by	 the	name	of	Willoughby	Smith	 sought,	 and	 subsequently	invented,	a	device	that	would	continuously	test	the	conductivity	of	these	cables	
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as	 they	were	 being	 laid.	 For	 this	 Smith	 needed	 a	 semiconductor	material	 that	exhibited	very	high	resistance,	and	it	is	for	this	reason	that	selenium	was	chosen.	Under	 standard	 laboratory	 conditions	 the	 system	 seemed	 to	 work	 perfectly,	however	when	it	was	employed	in	the	field	the	system	failed	to	give	consistent	results.	Smith	began	to	troubleshoot	his	device	and	found	that	when	exposed	to	intense	 light	 the	 resistance	 of	 the	 selenium	 rods	 changed	 dramatically.	 Smith	had,	 by	 complete	 chance,	 discovered	 selenium’s	 photoconductivity	 properties;	this	led	him	to	publish	a	paper	"Effect	of	Light	on	Selenium	during	the	passage	of	an	Electric	Current"	in	February	of	1873	in	Nature.2		Three	years	later,	a	pair	of	American	researchers,	W.G	Adams	and	R.E	Day,	built	on	Becquerel	and	Smith’s	work	and	published	their	research	on	“The	Action	of	Light	on	Selenium”.	They	discussed	 their	 research	 into	 the	previously	reported	photoconductive	properties	of	 selenium	and	 to	determine	whether	or	not	 light	could	 induce	 a	 current	 in	 the	 selenium.3	 They	 found	 that,	 when	 annealed,	selenium	 produced,	 under	 certain	 circumstances,	 an	 electrical	 current	 when	exposed	to	light.	Although	a	voltage	could	be	measured,	it	was	in	no	way	usable.		Nonetheless	 a	 very	 important	 property	had	been	 reported,	which	would	 allow	the	 production,	 and	 the	 patent	 of,	 the	 first	 usable	 solar	 cell.	
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Charles	Fritts	patented	 the	 first	 “solar	 cell”	 in	1883.	The	design	used	 selenium	wafers	 coated	 with	 a	 thin	 layer	 of	 gold.	 This	 system	 reportedly	 had	 a	 power	conversion	 efficiency	 (PCE)	 of	 1%.4	 These	 cells,	 however,	 were	 extremely	rudimentary	 and	 were	 most	 likely	 completely	 unusable.	 It	 wasn’t	 until	 the	advent	 of	 the	 p-n	 junction	 (Figure	 1)	 by	 Russel	 Ohl	 in	 1941	 that	 real	advancements	 could	 be	 made,	 not	 only	 in	 solar	 cells	 but	 also	 in	 many	 other	avenues	of	electronics	such	as	diodes	and	transistors,	which	are	key	to	most,	 if	not	all	electronic	devices.5			
	
Figure	1.	p-n	Junction		The	 p-n	 junction	 is	 a	 boundary	 between	 two	 semiconducting	materials.	 In	 the	case	of	silicon,	the	crystal	lattice	can	be	doped	with	a	material	that	has	one	extra,	or	one	fewer,	valence	electron.	When	a	material	with	one	extra	valence	electron	is	 used	 as	 the	 dopant,	 a	 classic	 example	 being	 phosphorous,	 the	 material	becomes	 an	 n-type	 semiconductor	 as	 it	 has	 an	 increased	 concentration	 of	electrons.	The	reverse	is	true	when	silicon	is	doped	with	an	atom	with	one	fewer	valence	electron;	another	classic	example	 is	 the	use	of	boron	as	a	dopant.	This	creates	an	empty	space,	which	an	electron	can	occupy	and	is	commonly	referred	to	as	a	hole	and	the	material	becomes	a	p-type	semiconductor.			When	a	p-type	and	an	n-type	material	 are	 joined	 they	 create	an	 interface	area	where	 an	 electron	 from	 the	 n-type	material	 if	 given	 some	 energy	 (say	 from	 a	photon	in	the	case	of	a	solar	cell)	can	migrate	across	the	boundary	and	occupy	a	hole	in	the	p-type	material	which	allows	current	to	flow.	It	is	this	system,	and	it’s	mode	 of	 operation,	 that	 has	 enabled	most,	 if	 not	 all,	 of	 the	 advances	 in	many	electronic	devices	as	p-n	junctions	are	at	the	core	of	solar	cells,	transistors,	LEDs	
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and	 many	 other	 components	 that	 have	 made	 most	 of	 modern	 technologies	possible.5-6			
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1.2	Early	Use	of	Solar	Cells		 In	 the	mid	1950’s	commercial	photovoltaics	became	a	reality.	Thanks	to	the	 p-n	 junction	 photovoltaic	 efficiencies	 increased	 to	 4.5%	 and	 solar	 cells	became	 a	 commercially	 viable	 item.	 This	 saw	Hoffman	 Electronics,	who	 at	 the	time	along	with	Bell	Laboratories	were	a	leader	in	solar	array	technology,	supply	the	U.S	Navy	with	six	solar	cell	arrays	for	the	first	ever	solar	powered	satellite,	the	Vanguard	1	(Figure	2).7			
	
Figure	2.	Vanguard	1		The	 success	 on	 the	 Vanguard	 mission	 led	 Les	 Hoffman,	 founder	 and	 CEO	 of	Hoffman	Electronics,	to	pursue	the	use	of	their	solar	cells	in	commercial	devices.	Although	 they	 had	 relatively	 low	 power	 output	 the	 advent	 of	 transistor	technology	meant	it	was	enough	to	power	small	devices	such	as	portable	radios	(Figure	3).				
	
Figure	3.	Hoffman	Trans	Solar	Radio	
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This	 encouraged	 further	 research	 into	 these	 devices	 and	 it	 saw	 efficiencies	increase	 dramatically	 from	 their	 humble	 beginnings.	 Solar	 cell	 technology	 -thanks	to	the	efforts	of	researchers	-	has	come	a	long	way	since	their	inception	in	the	 1940’s,	 and	 today	 there	 are	 classes	 of	 inorganic	 solar	 cells	 capable	 of	reaching	efficiencies	of	44-46%8.	Commercial	cells	however	are	typically	 in	 the	15	 –	 20%	 efficiency	 range.8b,	 9	 This	 has	 lead	 to	 a	 surge	 in	 the	 installation	 of	“rooftop-solar	panels”	on	private	homes.	Energy	independence	is	also	becoming	more	and	more	likely		thanks	newer	and	better	battery	technology.9-10		Although	traditional	silicon-based	solar	cells	have	become	the	industry	standard	when	choosing	a	renewable	power	source	they	have,	 like	all	technologies,	their	pros	 and	 cons.	 As	 previously	 mentioned	 their	 efficiencies	 mean	 that	 they	 can	generate	a	usable	amount	of	energy	and	as	a	result	many	of	these	devices	have	been	 installed	 on	 the	 roofs	 of	 homes	 and	 commercial	 buildings	 alike.	 Only	recently	 came	 to	 be	 that	 traditional	 solar	 panels	 can	 produce	more	 energy	 in	their	lifetime	than	it	required	to	manufacture	them	in	the	first	place.	Panels	are	also	 relatively	 costly	 to	 produce	 and	many	of	 the	materials	 used	 are	 toxic	 and	difficult	to	dispose	of,	resulting	in	environmental	 issues	when	they	come	to	the	end	 of	 their	 usable	 life.11	 One	 way	 in	 dealing	 with	 this	 is	 to	 find	 alternate	materials	and	methods	for	producing	solar	panels.	One	class	of	materials,	known	as	organic	semiconductors	can	be	used	to	not	only	fabricate	solar	cells	but	many	other	electronic	components	and	devices	as	well.11-12	Unfortunetly	in	solar	cells	these	compounds	often	exhibit	 low	efficiencies,	which	has	led	to	a	great	deal	of	research	into	finding	newer	and	more	efficient	compounds	as	well	as	exploring	device	design.	1,	8b,	13	
1.3 Solar Cell Efficiency  As has been discussed, the quest for higher efficiencies has been the driving force behind the research into solar technology and is the most commonly used parameter used to evaluate the performance of a solar cell. The efficiency of any system is the defined as the ratio between the energy put into a system - this is light when discussing solar cells - and the energy generated, or power out of, a system (i.e electrical energy).[23, 24] For electrical systems however power is usually used, not energy.   
𝜂 = 𝑃𝑖𝑛
𝑃𝑜𝑢𝑡
 
Equation 1. Efficiency of a system  In electric power systems power (P) is the product of the voltage (V) and current (I) of a system.  
𝑃 = 𝐼𝑉 
Equation 2. Electrical power  
The power output of an electrical system can therefore be calculated through measuring voltage (V) and current (I), however with solar cells the current generated by a cell is directly proportional to the area of that cell. It is convention to therefore use current density, denoted as J, which is measured in Amps per meter squared (A/m-2). This can be represented graphically as a J/V curve (Figure 1).  
 
Figure 1. J/V curve with relative fill factor  When discussing solar cells, the maximum power output, Pmax, is interchangeable with Pout and is defined as the product of three factors. These factors are: i) Voc, which is the voltage across the cell when no current is flowing through the cell, ii) Jsc, which is the measured current density through the cell when the voltage across the cell is zero and iii) the fill factor (FF) which is defined as ratio between 
or “squareness” of the maximum power output area and the total area under the JV curve. The reason FF is included as a parameter for determining Pmax. We cannot simply multiply Jsc by Voc as no voltage flows through the cell during short 
circuit and no current flows during the open circuit, consequently no power generated at either of these points (i.e. at Jscor Voc). The maximum power output of a solar cell is therefore calculated using the formula below.   
𝑃𝑚𝑎𝑥 = 𝑉𝑜𝑐 𝐽𝑠𝑐𝐹𝐹 
Equation 3. Maximum power output of a solar cell   In the case of photovoltaic systems, Pin comes from a light source, which is calibrated for testing and therefore remains constant. However current is measured as a function of area, and therefore power too is represented as a function of area. It is therefore measured in either Watts per meter squared (W/m2) or, more likely, in milliwatts per centimeter squared (mW/cm2). Typically, procedure calls for using a 1.5 W/m2 source, however for the purposes of the mathematics this is not strictly necessary. What is important however is proper calibration and consistency over the testing period.[25] An equation can 
therefore be derived as follows where ηPVC is the efficiency of a solar cell.  
 
𝜂𝑃𝑉𝐶 =  𝑉𝑜𝑐 𝐽𝑠𝑐𝐹𝐹𝑃𝑖𝑛  
Equation 4. Solar cell efficiency  Or put more simply:  
𝜂𝑃𝑉𝐶 =  𝑃𝑚𝑎𝑥𝑃𝑖𝑛  
Equation 5. Simplified solar cell efficiency   
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1.4	Organic	Electronics		
	 Organic	electronics	may	hold	 some	of	 the	answers	 to	 the	problems	 that	are	faced	by	traditional	silicon	semiconductors.16	Rather	than	using	silicon	that	has	been	doped	with	another	atom,	these	devices	use	compounds	that	are	made	from	predominately	 carbon,	 hence	 the	name.	 In	 using	 this	 system,	 compounds	with	 different	 properties	 can	 have	 interesting	 and	 unique	 conducting	 and	semiconducting	 properties.	 	 These	 compounds	 are	 heavily	 conjugated	 and	aromatic	 in	 nature	 resulting	 in	 low	 band	 gap	 and	 increased	 electron	disassociation	 across	 the	 molecular	 structure,	 allow	 for	 facile	 receiving	 and	donating	 of	 electrons.	 Semiconducting	 compounds	 are	 therefore	 described	 as	either	being	an	electron	acceptor	or	donor.	These	compounds	have	found	use	in	many	applications	such	as	organic	light	emitting	diodes	(OLEDs)17,	organic	thin	film	 transistors	 (OTFT)13d,	 18,	 and	 organic	 photovoltaics	 (OPVs)19.	 	 Related	compounds	have	also	seen	use	in	chemical	on/off	switches	and	also	in	sensing.		As	 these	 compounds	 are	 either	 polymers,	 or	 small	 molecules	 dispersed	 in	 a	polymer	 semiconductor,	 they	 are	 inherently	 lightweight.	 They	 can	 also	 be	fabricated	 into	various	shapes	and	sizes	with	ease.	The	 flexible	nature	of	many	polymers	can	also	lead	to	flexible	and	durable	devices.			
1.4.1	Conductive	Polymers		 The	use	and	research	of	organic	electronics	has	primarily	seen	growth	in	recent	time	due	to	the	discovery	and	application	of	conductive	polymers.	These	are	the	original	organic	electronic	materials	and	without	them	many	applications	of	 organic	 semiconductors,	 such	 as	 flexible	 displays,	 would	 not	 be	 possible.	These	 polymers	 are	 heavily	 conjugated	 and	 can	 also	 be	 heavily	 aromatic.	Conductive	polymers	are	not	only	interesting	as	they	can	conduct	electricity,	but	they	 also	 enable	 other	 active	 organic	 materials	 to	 be	 incorporated	 into	 a	conductive	 medium	 thus	 allowing	 the	 properties	 of	 other	 molecules	 to	 be	
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investigated	and	exploited.	This	has	allowed	for	an	explosion	in	the	research	and	development	of	many	types	of	organic	electronic	devices.		 		In	 1862,	 Henry	 Letheby	 first	 prepared	 polyaniline	 (Figure	 5),	 which	 is	considered	to	be	the	first	conductive	polymer	discovered,	by	the	electrochemical	oxidation	of	aniline.	Polyaniline	is	both	conductive	and	electrochromic;	Letheby	noted	that	the	reduced	form	was	colorless	but	became	a	deep	blue	once	oxidized.			
H
N
H
N
n 	
Figure	5.	Structure	of	polyaniline		The	 earliest	 conductive	 polymers	 considered	 as	 charge	 transfer	 complexes.	These	 compounds	 consist	 of	 long	 chains	 that	 are	 capped	 with	 an	 electron	acceptor	 at	 one	 end	 and	 electron	 donor	 at	 the	 other.	 This	 resulted	 in	 systems	that	had	electron	density	excess	and	one	end,	an	electron	deficiency	at	the	other,	with	a	 long	conjugated	bridge	through	which	an	electron	could	travel	upon	the	application	of	a	voltage	difference.			It	 wasn’t	 until	 the	work	 by	 Bolto	 et	 al.	 in	 1963	 that	 a	 useable	 conductivity	 in	polymers	was	 observed.	 They	 found	 that	when	 iodine,	 in	 different	 forms,	was	compelexed	 within	 polypyrole,	 the	 material	 was	 conductive.20	 They	hypothesised	 that	 the	 resistivity	 of	 the	 compound	decreased	 as	 a	 result	 of	 the	formation	 of	 a	 charge	 transfer	 complex	 due	 to	 the	 presence	 of	 the	 iodine,	however	 they	 also	 expressed	 their	 belief	 that	 the	 data	 on	 the	 influence	 that	iodine	has	on	conductivity	to	be	“conflicting”.	Furthermore,	they	were	unable	to	fully	 estimate	 the	 degree	 of	 conjugation,	 as	 their	 compound	 was	 completely	insoluble.	 Although	 their	 work	 was	 somewhat	 incomplete	 and	 lacking	information,	it	laid	the	foundations	for	conductive	polymer	research.			
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In	 1977,	 the	 work	 of	 Bolto	 et	 al.	 was	 built	 on	 in	 	 by	 Alan	 J.	 Heeger,	 Alan	 G.	MacDiarmid	 and	 Hideki	 Shirakawa.	 They	 found	 that	 polyacetylene	 (Figure	 6)	became	 conductive	when	 exposed	 to	 the	 vapors	 of	 various	 halogens	 (chlorine,	bromine	 and	 iodine).21	 Their	 work	 was	 a	 much	 more	 complete	 and	 assertive	attempt	 at	 understanding	 the	 relationship	 between	 the	 halogen	 content	 and	stereochemistry	of	the	polymer	and	how	these	factors	affected	its	conductivity.	In	recognition	of	the	impact	their	work	has	had	and	will	continue	to	have	Heeger,	MacDiarmid	and	Shirakawa	were	awarded	the	Nobel	Prize	in	Chemistry	for	"for	the	discovery	and	development	of	conductive	polymers".			
n 	
Figure	6.	Structure	of	polyacetylene									
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There	are	now	several	types	of	conducting	polymers22	composed	of	a	variety	of	monomers.	 However	 one	 class	 that	 not	 only	 seen	 extensive	 use	 but	 also	 offer	versatility	 and	 simplicity	 are	 polythiophenes.22-23	 These	 compounds	 are	extensively	 used	within	 the	 construction	 of	 BHJ	 cells	 as	well	 as	 thin-film	 field	effect	 transistors	 and	 luminescent	 devices	 (OLEDs).	 This	 class	 of	 conductive	polymers	came	into	their	own	when	McCullough	et	al.	recognised	that	there	was	a	 need	 for	 consistency	 within	 structure	 of	 conducting	 polymers	 to	 maintain	consistent	electrical	properties.	Previous	synthetic	methods	 for	 these	polymers	lead	to	variances	in	the	molecular	structure,	which	was	due	to	the	way	in	which	they	 were	 syntehsised,	 in	 this	 case	 asymmetric	 monomers	 with	 terminal	coupling	units,	such	as	halogens,	could	often	homo	couple	giving	an	inversion	of	the	intended	shape	of	the	polymer	(Figure	7).				
	
Figure	7.	Representations	of	Polymerisation:	A)	desired	polymerisation.	B)	undesired	
polymerization		
	 14	
This	was	relevant	 in	McCullough’s	work	as	the	solvating	alkyl	chain	meant	that	the	 thiophene	 itself	 was	 asymmetric	 and	 coupling	 resulted	 in	 structural	irregularities	(Figure	8).			
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Figure	8.	Polythiophenes	with	varying	structures	and	inconsistencies		With	structural	consistency	in	mind,	McCullough	et	al.	derived	a	novel	synthesis	to	produce	a	much	higher	proportion	of	regiosolective	poly(3-alkylthiophenes).	The	 method	 used	 α-bromo-3-alkyl	 substituted	 thiophenes	 as	 the	 starting	material.	The	compounds	were	then	converted	the	corresponding	polymer	 in	a	multi	 step	 one-pot	 synthesis	 by	 generating	 a	 2-bromo-5-magnesium	 bromide	analogues	with	subsequent	polymerization	by	using	a	Kumadu	coupling.			
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Figure	9.	Synthesis	of	regioselective	3-alkyls	substituted	polythiophene	This	method	greatly	increased	the	yield	of	a	single	structural	unit,	and	as	a	result,	the	conductivity	of	the	polymer	was	enhanced	dramatically.		
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Polythiophenes	 are	 now	 extensively	 used	 in	many	 areas	 of	 organic	 electronics	this	is	due	partly	to	the	ease	at	with	which	they	can	be	synthesised	but	also	their	ability	 to	 act	 as	 an	 electron	 donor	 material.	 A	 commonly	 used	 polythiophene	derivative	 used	 is	 poly(3-hexylthiophene-2,5-diyl)	 (P3HT),	 This	 is	 the	 most	commonly	used	medium	in	BHJ	fabrication	as	 it	 is	both	conductive	as	well	as	a	strong	 electron	 donor.24	 It	 is	 an	 easily	 synthesised	 and	 versatile	 polymer	 that	readily	incorporates	most	dyes	through	both	pi-pi	stacking	through	its	thiophene	components	and	van	der	Waals	forces	through	its	long	alkyl	chains.18b,	19b,	25			
1.4.2	Organic	field	effect	transistors	(OFETs)	
	 Arguably	the	most	important	invention	ever,	the	transistor,	has	also	seen	modification	 in	 composition	 through	 the	 use	 of	 organic	 semiconductors.5,	 26	Organic	 field	 effect	 transistors	 (OFETs)	 are	 simply	 a	 class	 of	 field-effect	transistors	that	use	an	organic	semiconductor	 in	place	of	 the	traditional	silicon	and	 metal	 oxide	 combinations.	 	 The	 organic	 materials	 can	 either	 be	 small	molecules	 or	 polymers	 that	 have	 semiconducting	 properties.	 Koezuka	 et	 al.	reported	 the	 first	OFET	 in	1987.18c	 The	device	was	 simple	 in	 construction	 and	used	 polythiophene	 (Figure	 10)	 as	 a	 hole	 transport	 material	 and	 showed	 a	mobility	of	2	x	10-5	cm	2	V-1	sec-1.	Although	the	hole	mobility	was	low,	the	device	displayed	excellent	stability	despite	having	been	heated	to	80°C	in	air.		
S n 	
Figure	10.	Structure	of	polythiophene		
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More	recent	devices	have	considerably	higher	mobility.	Typical	mobilities	seen	are	 in	 the	 range	 of	 1	 –	 10	 cm	2	 V-1	 sec-1.	 However,	 rubrene-based	 (Figure	 11)	devices	have	mobilities	as	high	as	40	cm	2	V-1	sec-1.	27		
	
Figure	11.	Structure	of	rubrene		OFETs	 have	 also	 been	 shown	 to	 have	 light	 emitting	 properties,	 or	 so-called	organic	light	emitting	transistors	(OLETs).	First	designed	in	2003	by	Hepp	et	al.	their	device	used	tetracene	(Figure	12)	on	an	insulative	layer	of	SiO2	on	top	on	n-doped	silicon.	The	device	had	a	peak	emission	of	540	nm	and	showed	an	average	luminosity	of	45	cd/m2.28		
	
Figure	12.	Structure	of	tetracene		OFETs	have	already	seen	use	alongside	OLEDs	to	create	flexible	display	screens.	In	2007,	Sony	presented	a	screen	that	was	comprised	of	OLEDs	and	OFETs	at	the	SID	2007	International	Symposium.	Not	only	was	the	screen	durable	and	flexible	it	only	weighed	1.5	g	and	had	a	maximum	thickness	of	0.3	mm.	This	was	possible	as	 the	 traditional	 glass	 substrates	 commonly	 used	 to	manufacture	 OLEDs	 and	OFETs	 in	 the	 lab	 can	 be	 replaced	 with	 polymers	 such	 as	 polyethylene	terephthalate	(PET).			
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1.4.3	Organic	light	emitting	diodes	(OLEDs)			 Organic	light	emitting	diodes	(OLEDs)	have	already	found	their	way	into	consumer	 products.	 This	 is	 in	 part	 due	 to	 their	 simplicity,	 cost	 and	performance.17a,	17b,	29	The	compounds	used	in	these	devices	are	similar	to	OLETs	however	device	construction	is	different	as	is	the	same	with	standard	diodes	and	transistors.	 However,	 both	 are	 “electroluminescent”	 in	 nature,	 are	 highly	efficient	 and	 can	 be	 long	 lasting.	 André	 Bernanose	 made	 the	 first	 report	 of	electroluminescences	 in	an	organic	material	 in	 the	1950’s.	He	noted	 that	when	certain	dyes	(Gonacrine	and	Acridine	Brilliant	Orange	E)	were	adsorbed	onto	a	sheet	of	cellophane	a	“rather	strong	light	emission”	could	be	observed	upon	the	application	of	 an	alternating	 current	of	400–800V.	He	also	noted	 that	 the	 light	increased	in	intensity	with	increasing	voltage,	up	to	2.5kV.	He	hypothesized	that	the	 strong	 electric	 field	 caused	 the	 formation	of	 an	unstable	 excited	molecules	that	emit	a	photon	upon	returning	to	their	ground	state.	
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		However	 it	 wasn’t	 until	 1987	 that	 the	 first	 light	 emitting	 diode	 device	 was	reported	 on	 by	 Tang	 et	 al.	 This	 was	 achieved	 by	 using	 a	 two-layer	 device	containing	 a	 layer	 of	 tris-8-hydroxyquinolyl	 aluminum	 and	 a	 diamine	 in	 the	other	(Figure	13).	This	device	reportedly	needed	less	that	10	VDC	to	operate	and	produced	more	than	1000	cd/m2	and	maintained	an	efficiency	of	1.5	lm/W.17c		
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Figure	13.	(left)	tirs-8-hydroxyquinolyl	aluminum	(right)	diamine	used	in	OLED		Presently,	 OLEDs	 have	 been	 incorporated	 into	 many	 commercial	 products	including	 battery	 powered	 lamps,	 but	 more	 notably	 in	 displays	 by	 combining	OLEDs	 that	 emit	 red,	 green,	 and	blue	 light	 into	an	active-matrix	display.	These	devices	 are	 known	 as	 active-matrix	 organic	 light	 emitting	 diodes	 or	 AMOLEDs	and	 have	 seen	 use	 in	 commercial	 applications,	 since	 2008	 most	 notably	 in	smartphones	of	the	Samsung	brand	(Figure	14).				
	
Figure	14.	AMOLED	display	in	a	Samsung	smartphone	
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1.5	Organic	Solar	Cells		 Brian	 O’Regan	 and	 Michael	 Grätzel	 fabricated	 the	 first	 usable	 organic	solar	cell	 in	1988	and	are	heralded	as	having	 invented	the	dye-sensitized	solar	cell	 (DSSC).30	 The	 cell	 used	 organic	 dyes,	 rather	 than	 the	 traditional	 doped	silicone,	 in	 order	 to	 harvest	 light	 and	 create	 electron	 excitations	 needed	 to	induce	 current.	 The	device	was	 rather	 simple	 in	 construction	 and	used	 a	 glass	substrate,	 coated	 in	 an	 indium	 tin	 oxide	 layer	 approximately	 10	 μm	 thick	 on	which	another	layer	of	titanium	dioxide	was	laid.	The	TiO2	was	then	coated	with	the	organo-metalic	dye,	a	ruthenium-based	complex	(Figure	15).	Another	sheet	of	 glass	 with	 a	 layer	 of	 InSnO	 (ITO)	 is	 placed	 on	 top	 of	 this	 layer	 and	 an	electrolyte	 is	 injected.	 Upon	 exposure	 to	 simulated	 light	 conditions,	 a	 voltage	was	generated	with	an	efficiency	of	7.1	–	7.19%,	with	efficiencies	of	12%	being	observed	 in	 diffused	 daylight.	 This	 was	 a	 major	 step	 in	 the	 development	 of	 a	usable	 organic	 solar	 cell.	 There	 were	 previous	 reports	 of	 using	 organic	compounds	 to	 sensitize	 semiconductors	 to	 light,	 however	 they	 were	 more	concerned	 with	 the	 “switching”	 abilities	 and	 the	 devices	 themselves	 only	produced	 a	 very	 small	 current.	 O’Regan	 and	 Gratzel’s	 cell	 is	 even	 more	impressive	 when	 considering	 that	 their	 stability	 and	 efficiency	 was	 achieved	using	materials	that	were	of	“low	to	medium	purity”.			
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Figure	15	Ruthenium	Dye		
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Dye-sensitized	 solar	 cells	 work	 under	 the	 principal	 that	 the	 dye	 absorbs	 a	photon,	 exciting	 an	 electron	which	 is	 injected	 into	 the	 conduction	 band	 of	 the	semi	conductor,	in	the	case	above	is	TiO2.	The	dye	itself	is	oxidized	in	this	initial	process	and	must	be	regenerated.	This	occurs	at	the	counter	electrode,	normally	through	 a	 redox	 process	 involving	 an	 electrolyte.	 It	 is	 this	 constant	 oxidation-reduction	 process	 of	 the	 dye	 that	 sees	 their	 performance	 dwindle	 overtime	 as	the	 dye	 itself	 is	 destroyed.	 However,	 given	 the	 number	 of	 factors	 involved	 in	completing	one	cycle,	 from	dye	oxidation	to	reduction,	 there	are	many	areas	 in	which	improvements	in	the	overall	efficiency,	stability,	and	simplicity	of	the	cell	can	be	made.			Bulk	heterojunction	(BHJ)	devices	are	a	way	in	which	the	organic	photovoltaics	(OPVs)	have	become	much	simpler.	They	are	devices	that	use	no	electrolyte	and	are	 incredibly	simple	 in	design.	They	consist	of	an	electron	donor	material	and	an	electron	accepting	material,	 in	essence	a	simple	p/n	 junction.	The	materials	can	 be	 either	 layered	 on	 top	 of	 one	 another	 or	 blended	 together	 and	 are	sandwiched	between	two	layers	of	a	conductive	material,	usually	a	metal	such	as	aluminium	or	 silver	 (the	 anode),	 and	 ITO	 glass	 (cathode).	 This	 is	 the	 standard	method	by	which	 laboratory	 cells	 are	made	but	 they	 can	be	made	 into	 flexible	cells	using	sheets	of	thin	plastics	as	the	conductive	substrates.		
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1.5.1	Operating	Principles:			 The	 operating	 principle	 of	 all	 photovoltaic	 cells	 is	 rather	 simple	 and	 in	both	 organic	 and	 inorganic	 cells	 the	method	 by	which	 an	 electron	migrates	 is	very	similar.	In	the	case	of	organic	materials	it	can	be	broken	down	into	3	steps,	absorption/excitation,	migration	and	transfer	as	illustrated	in	(Figure	16).31	
	
Figure	16.	1)	Electron	excitation	2)	Electron-Hole	Migration	and	3)	Electron	transfer		Materials	must	be	designed	 in	order	 to	encourage	 these	steps	 to	occur.	 In	OPV	materials	 this	 is	 achieved	 by	 having	 large	 areas	 of	 conjugated	 bonds,	 and	 this	ensures	that	the	electrons	will	interact	with	low	energy	visible	light	in	the	form	of	absorption	and	electron	excitation.	Consequently	the	further	 into	the	“red”	a	compound	absorbs,	the	lower	the	energy	requirement	is	and	the	more	“active”	it	is.31a,	32		Electron	migration	is	the	process	whereby	the	excited	electron	migrates	towards	the	acceptor	material;	this	inherently	takes	time	and	the	longer	the	electron	can	remain	 in	 this	 excited	 state	 the	 longer	 it	 has	 to	diffuse.	 In	 order	 to	 obtain	 this	effect	 the	hole	 and	 electron	pair	must	 not	 be	 allowed	 to	 recombine;	 known	as	electron-hole	 recombination	 or	 luminescence.	 Although	 there	 are	 multiple	electron-hole	recombination	types,	and	 in	 terms	of	organic	photovoltaics	 it	can	be	thought	of	as	fluorescence.33		
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For	 transfer	 to	 occur,	 the	 electron	 accepting	material	 used	must	 have	 a	 LUMO	lower	 that	 is	 of	 lower	 energy	 than	 that	 of	 the	 LUMO	 of	 the	 electron	 donating	material.	 This	 ensures	 that	 there	 is	 an	 energetically	 favorable	 route	 for	 the	electron	 to	 flow.	 In	 other	 words	 it	 must	 go	 down	 hill	 with	 respect	 to	 energy	level.31b,	33	The	electron	can	then	flow	into	the	conduction	band	of	the	anode,	and	the	 hole	 can	 migrate	 to	 the	 cathode.	 This	 intrinsically	 leads	 to	 a	 potential	difference	 and	 the	 electron	will,	 if	 he	 circuit	 is	 complete,	 will	 flow	 through	 to	recombine	with	the	hole	completing	the	cycle.31	However	when	designing	a	cell	other	 factors	 of	 the	 material	 need	 to	 be	 taken	 into	 consideration,	 not	 just	 its	electronic	properties.	Although	there	are	materials	that	act	as	excellent	electron	acceptors	 their	 use	 may	 be	 limited	 as	 a	 result	 of	 poor	 solubility	 in	 common	solvents	or	stability,	and	compounds	of	this	nature	can	also	be	hindered	by	cost.	This	must	be	kept	in	mind	when	designing,	and	synthesising	compounds.34		Cell	 design	 can	 also	 play	 a	 significant	 role	 in	 the	 operation	 and	 efficiency	 of	compound	and	subsequently	the	device.	For	optimal	performance,	the	materials	that	 act	 as	 an	 electron	 donors	 and	 acceptors	 need	 to	 be	 matched	 with	 one	another	 in	 order	 to	 achieve	 electron	 flow.	 Device	 design	 and	 architecture	 is	therefore	an	important	role	in	the	overall	process	of	making	a	solar	cell.		Each	design	has	it’s	own	pros	and	cons.	For	instance	DSSCs	have	high	efficiency	and	 are	 likely	 to	 see	 large	 scale	 commercialization	 in	 the	 future.	 The	 main	drawback	 in	 this	design	however	 is	 in	 the	use	of	 corrosive	 redox	mediators	 in	the	 form	 of	 liquid	 electrolytes.	 One	 of	 the	 major	 design	 challenges	 faced	 by	manufacturers	 and	 researchers	 is	 ensuring	 that	 the	 electrolyte	 doesn’t	 leak	 or	dry	 out	 over	 time.	 32a	 This	 has	 spurred	 researchers	 towards	 finding	 solutions	such	as	less	volatile	electrolytes	as	well	as	solid-state	redox	mediators.35		Other	design	types	that	have	seen	much	use	are	the	bilayer	Tang	et	al.	19f	which	was	 the	 first	 iteration	 of	 an	 efficient	 of	 two	 compounds	 with	 aligned	 energy	levels,	and	the	bulk	hetero	junction	pioneered	by	Kraabel	et	al.	(Figure	17).36		
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Again	the	mode	of	operation	is	similar	to	that	which	occurs	in	a	standard	silicon-based	solar	cell.	The	n-type	material,	 the	electron	donor,	will	absorbs	a	photon	and	an	electron	is	excited.	This	occurs	between	the	highest	occupied	molecular	orbital	 (HOMO)	 and	 the	 lowest	 unoccupied	molecular	 orbital	 (LUMO)	 and	 it	 is	this	 that	 gives	 the	 desired	 electron-hole	 pair.	 In	 order	 to	 induce	 an	 electrical	current	the	electron	must	then	enter	the	LUMO	of	the	p-type,	electron	acceptor,	material	and	subsequently	to	the	anode	of	the	device.			
	
Figure	17.	Bulk	hetero	junction	cell	construction,	bilayer	(top),	dispersed	(bottom)		Due	to	the	simplicity	of	the	design,	and	the	ease	with	which	devices	can	be	made,	donor	and	acceptor	materials	can	be	paired	and	tested	easily	which	has	led	to	a	higher	 throughput	 of	 materials	 being	 tested.	 This	 simplistic	 design	 has	 also	permitted	variations	in	different	aspects	of	their	construction,	such	as	annealing	time,	material	thickness	and	solvents	used.	As	a	result,	significant	advances	have	been	made	in	different	areas	pertaining	to	increasing	the	efficiencies	of	organic	solar	cells.			In	very	recent	times,	production	of,	a	new	type	of	semi-organic	solar	cell	design	that	 has	 seen	big	 gains	 in	 efficiencies	 and	 an	 increased	 interest	 are	perovskite	cells.	A	perovskite	is	an	inorganic	material	whose	crystal	structure	is	the	same	as	CaTiO3.	 Typically	 they	 are	 sensitized	 with	 an	 organo-metallic	 complex	 that	 is	spin	coated	and	annealed	onto	a	glass	substrate.		
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	Even	 though	 they	 use	 highly	 crystalline	 material	 perovskites	 can	 also	 be	fabricated	using	polymer	substrates	allowing	them	to	be	flexible,	one	of	the	main	advantages	 that	 fully	 organic	 solar	 cells	 have.	 From	 their	 earliest	 reporting	 by	Kijoma	et	al.	in	2009	they	have	seen	gains	in	efficiencies	from	3.8%	to	20%,	all	in	six	years.		
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1.6	Donor	and	Acceptor	Design		 The	roles	of	an	electron	donor	and	an	electron	acceptor	within	an	organic	solar	cell	are	modest	ones,	but	they	are	of	the	utmost	importance.	Put	simply,	the	cell	must	absorb	a	photon,	excite	an	electron,	and	then	pass	the	electron	to	the	acceptor	material.	Although	 this	 sounds	 simple,	 it	 is	 the	 fundamental	 principle	for	 the	 operation	 of	 organic	 solar	 cells.	 Unfortunately,	 in	 practice	 synthesising	compounds	with	these	properties,	as	well	as	all	the	other	characteristics	needed,	such	as	solubility,	thermal	stability,	appropriate	molecular	orbital	energy	levels	is	a	challenge.37		Within	a	solar	cell,	the	organic	semiconductor	can	exist	as	either	a	polymer	or	a	small	molecule.	Typically	the	compound	is	broken	down	into	subunits,	each	with	their	 own	 characteristics.	 The	 subunits	 are:	 donors	 (D),	 acceptors	 (D)	 and	 pi	spacers	(π).	Acceptor	subunits	are	typically	heavily	heteroatom	rich	and	electron	withdrawing,	 donors	 are	 usually,	 though	not	 always,	 heteroatom	poor	 and	 are	electron	 donating.	 Pi-spacers	 are	 simply	 conjugated	 or	 aromatic	 units	 that	connect	the	two.	Compounds	can	be	various	arrangements	of	these	units	and	are	typically	referred	to	using	the	acronyms	of	the	subunits	i.e.	A-D-A	or	A-π-D	etc.			As	 with	 all	 organic	 semiconductors,	 electron	 donor	 and	 acceptor	 materials	consist	of	heavily	conjugated	and	aromatic	subunits,	allowing	for	a	delocalization	of	 electrons	 and	 adequate	 HOMO/LUMO	 energy	 levels.	 For	 electron	 donating	compounds,	high	energy	HOMO	 levels	and	LUMO	states	are	desirable,	allowing	for	 adequate	 overlap	with	 the	 HOMO	 and	 LUMO	 energy	 levels	 of	 the	 electron	acceptor,	meaning	an	electron	can	migrate	from	the	excited	state	 in	the	donors	LUMO	 the	 that	 of	 the	 acceptor.24,	 31b,	 34c	 The	 difference	 in	 energy	 between	 the	HOMO/LUMO	levels	of	a	compound	is	referred	to	as	the	optical	bandgap,	this	is	the	minimal	amount	of	energy	a	photon	requires	in	order	to	excite	the	electron	from	 the	 valance	 band	 into	 the	 conduction	 band.	 Although	 low	 bandgaps	 are	somewhat	favorable	there	is	a	trade	off	between	doing	this	and	the	Voc	of	a	cell.	The	Voc		of	a	cell	can	be	roughly	estimated	from	the	molecular	orbital	levels	of	the	
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donor	and	acceptor,	therefore	it	is	benefitial	to	decrease	badgaps	by	decreasing	the	energy	level	of	the	LUMO	of	a	donor	rather	than	by	increasing	its	HOMO.37	It	is	believed	that	the	optimal	bandgap	for	solar	cells	 is	around	1.3	eV	and	it	 is	at	this	point	that	the	compromise	between	Jsc	and	Voc	is	optimal.19d,	37-38			It	is	therefore	easy	to	see	the	importance	for	materials	to	have	broad	absorption	profiles	along	with	early	onset	of	absorption	in	order	to	perform	well	 in	a	bulk	heterojunction	 device.	 For	 polymers,	 tuning	 these	 properties	 is	 a	 fairly	straightforward	process,	as	their	absorption	properties	can	be	roughly	estimated	from	the	sum	of	the	monomer	units.	This	is,	in	part,	why	polymers	reign	supreme	as	 donors	 within	 bulk-heterojunction	 solar	 cells.	 As	 photon	 absorption	 is	essential	 for	 the	generation	of	an	exciton	 in	 the	donor	material,	 they	must	also	have	high	absorption	coefficients.	Electron	donor	materials	 too	must	have	high	absorption	coefficients	the	active	layers	in	a	cell	subsequently	only	need	to	be	a	few	tenths	of	a	millimeter	in	thickness	in	order	to	absorb	a	sufficient	amount	of	light	in	order	to	operate.	This	can	be	an	issue	when	preparing	the	active	layer	of	a	solar	cell	as	if	there	is	too	thick	a	coat	then	conduction	is	hindered	as	no	exitons	are	 formed,	 further	 emphasizing	 the	 importance	 of	 high	 absorption	coefficients.39		There	 are	 two	 compounds	 P3HT,	 a	 donor,	 and	 PCBMPCBM-61,	 an	 acceptor,	which	are	the	industry	standards	when	determining	a	compounds	efficacy.	These	compounds	 will	 be	 discussed	 in	 further	 detail	 in	 subsequent	 sections.	 BHJ	devices	 made	 from	 a	 blend	 of	 these	 devices	 typically	 see	 efficiencies	 in	 and	around	the	3%	area	but	have	been	fabricated	to	achieve	efficiencies	in	excess	of	4%.	 However	 many	 examples	 of	 better	 performing	 devices	 using	 “paired”	electron	donor	mixes	that	contain	neither	P3HT	nor	PCBMPCBM-61	do	exist	and	illustrate	the	importance	of	harmonizing	their	properties.		
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1.6.1	Electron	Donors		 As	 electron	 donating	material	 is	 arguably	 the	most	 important	 part	 of	 a	bulk	 heterojunction,	 cell	 research	 around	 them	 is	 ever	 increasing.	 Alkyl	substituted	polythiophenes,	are	some	of	the	most	widely	used	organic	electronic	materials	 having	 seen	 use	 in	 OLEDs,	 OFETs	 and	 OPVs.40	 They	 have	 strong	absorption	 profiles,	 are	 conductive,	 have	 adequate	 solubility,	 thermally	 and	environmentally	stable	and	are,	thanks	to	McCullough	et	al.,23a	relatively	easy	to	synthesise	 with	 a	 high	 degree	 of	 structural	 regularity	 which	 is	 important	 if	devices	are	to	behave	consistently.		One	polythiophene	that	is	extensively	used	is	P3HT	 (Figure	18).	 	 This	 polymer	 consists	 of	 repeating	3-hexyl-thiophene	units	and	has	led	the	way	as	an	industry	standard	and	has	become	the	“go-to”	electron	donor	 when	 testing	 electron	 acceptors	 within	 bulk	 heterojunction	 cells.	Typically,	when	 paired	with	 a	 fullerene	 acceptor	 efficiencies	 of	 3	 –	 4%	 can	 be	achieved.19b		
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Figure	18.	Structure	of	P3HT		As	 OPV	 devices	 predominantly	 use	 polymeric	 chromophores	 they	 are	 often	generically	 labeled	 “plastic	 solar	 cells”	 and	 the	 first	 iteration	of	 the	 cell	 used	 a	polymer	donor.	Conjugated	polymers	see	such	use	as	they	have	all	the	required	properties	 aforementioned,	 such	 as	 high	 absorption	 in	 the	 visible	 region	 and	stability	 at	 high	 temperatures	 as	well	 as	under	operating	 conditions.	 Polymers	also	offer	ease	of	 tunability	 to	researchers	as	 incorporation	of	a	new	monomer	can	have	dramatic	effects	on	the	overall	performance	of	a	material.	Within	BHJ	cells	polymers	are	arguably	 the	strongest	electron	donors	and	 it	 is	no	surprise	that	 the	bulk	of	 research	 into	novel	donor	materials	has	 revolved	around	 their	synthesis	 and	 application.	 This	 has	 lead	 to	 the	 synthesis	 of	 some	 very	 potent	donors	 showing	 high	 performance	 in	 BHJ	 setups	 when	 coupled	 with	 unique	donors	as	well	as	standard	C60	derivatives	and	achieve	efficiencies	over	7%.41	
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1.6.1.1	Electron	Donors	(Polymers)			 The	 first	 discovery	 of	 ultrafast	 electron	 transfer	 within	 a	 bulk	heterojunction	 of	 was	 by	 Kraabel	 et	 al.	 using	 a	 blend	 of	 C60	 and	 poly-3-octyl-thiophene	 (Figure	 19).	 Although	 the	 study	 only	 focused	 on	 whether	photoinduced	 electron	 transfer	 was	 possible	 no	 direct	 efficiencies	 were	measured.	However,	 the	device	architecture,	and	the	 fact	 that	electron	transfer	could	 occur	 between	 polymers,	 namely	 poly-3-octyl-thiophene,	 and	 C60	 paved	the	way	for	the	ever-versatile	and	heavily	used	BHJ	architecture.			
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Figure	19.	Structure	of	poly-3-octyl	thiophene	(left)	and	C60	(right)		
	In	 2010	 Liang	 et	al.	 produced	 a	 polymer,	 PTB71,	 that	 exhibited	 efficiencies	 as	high	as	7.4%.	The	compound	consisted	of	a	benzodithiophene	and	bisthiophene	units	 (Figure	 20).	 Interestingly	 the	 compound	 itself	 showed	 a	 very	 high	 and	broad	internal	quantum	efficiency	upwards	of	90%.42		
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Figure	20.	Structure	of	PTB71	
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Again,	 when	 paired	 with	 PCBM-71	 -	 another	 benzodithiopene	 containing	polymer,	 namely	 PBDTTPD(2EH/C7)	 (Figure	 21),	 showed	 an	 impressive	efficiency	of	8.5%	with	an	average	of	8.3%	observed	over	an	array	of	devices.43	Interestingly	 Cabanetos	 et	al.	 varied	 alkyl	 chains	 of	 the	 ethers	 and	 imides	 and	observed	significant	alteration	to	the	overall	efficiency	of	a	compound.	
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Figure	21.	Structure	of	PBDTTPD(2E/C7)	
	
1.6.1.2	Electron	Donors	(Small	Molecules)			Although	polymers	can	be	potent	electron	donors,	there	has	also	been	a	steady	increase	 in	 the	 research	 of	 small	 molecules	 as	 donor	 materials.	 These	compounds	are	similar	to	their	polymeric	cousins	in	that	they	must	have	all	the	same	properties	and	also	contain	moeities	with	electron	donating	and	accepting	properties.	 They	 are	 however	 single	 molecular	 units	 as	 opposed	 to	 repeating	blocks	of	monomers.	This	means	 that	 they	can	be	easily	synthesized	as	well	as	purified	 and	 rarely	 suffer	 from	 problems	 such	 as	 region-irregularity	 or	 low	solubility.	 They	 do	 however	 have	 their	 own	 problems,	 namely	 low	 power	conversion	 efficiencies.	 Despite	 these	 drawbacks,	 small	molecules	 have	 seen	 a	great	deal	of	success	seeing	efficiencies	reach	into	the	9%	range.				Some	 of	 the	 best	 performing	 small	 molecule	 donors	 come	 from	 the	
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Some	 of	 the	 best	 performing	 small	 molecule	 donors	 come	 from	 the	benzothiadiazole	 family	of	 compounds,	 in	particular	 those	 that	are	paired	with	the	silylodithiophene	moiety.44	Sun	et	al.	in	2012	published	on	the	synthesis	and	charecterisation	of	DTS(PTT2)2	(Figure	22)	a	novel	small	molecule	containing	a	silyllobithiophene	 central	 moiety	 with	 benzyldithiazole	 terminal	 units.	 The	compound,	 when	 paired	 with	 PCBM-71,	 showed	 an	 efficiency	 of	 6.7%	 with	 a	relatively	high	Voc	of	0.8	V.45	Their	discussion	also	emphasized	the	importance	of	fabrication	procedures	and	the	effects	it	has	on	device	performance.	Moreover	it	demonstrated	 that	 small	 molecules	 could	 compete	 with	 their	 larger	 polymer	counterparts.		
	
Figure	22.	Structure	of	DTS(PTT2)2	Interestingly	van	der	Poll	et	al.	 synthesised	other	compounds	with	very	similar	structures	 only	 varying	 in	 the	 dithiazole	moiety	 and	 it’s	 substitution.	 In	 2012	they	discussed	p-DTS(FBTTh2)2	(Figure	23)	which	showed	improvements	over	DTS(PTT2)2.	 Again	 when	 paired	 with	 PCBM-71	 the	 compound	 showed	 an	efficiency	of	7.0%	and	a	Voc	of	0.8V.46	
	
Figure	23.	Structure	of	p-DTS(FBTTh2)2	
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	Work	 by	 others	 has	 shown	 that	 this	 system,	 meaning	 those	 containing	silylodithiophene,	 is	 particularly	 responsive	 to	 the	 subtlest	 of	 changes	 in	heteroatom	type	and	location.47	Work	by	Takacs	et	al.	varied	on	the	work	done	by	Sun	and	can	be	seen	in	Table	1.		Other	 compounds	 too	 have	 seen	 a	 great	 deal	 of	 success	 in	 achieving	 high	 PCE	values.	Among	the	highest,	around	the	9%	mark	and	10%	in	tandem	cell	design	the	 compounds	 usually	 contain	 polythiophenes	 separating	 the	 donor	 and/or	acceptor	 units.	 In	 particular	 work	 done	 by	 Zhang	 et	 al.	 on	 rhodanine-bearing	polythiophene	small	molecules,	namely	DRCN7T	(Figure	24).		
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Figure	24.	Structure	of	DRCN7T		DRCN7T	is	to	date	one	of	the	best	performing	small	molecule	electron	donors.	It	was	synthesized	by	Zhang	et	al.,	and	saw	an	efficiency	of	9.3%	with	a	Voc	of	0.91	when	in	a	BHJ	device	where	PCBM-71	acted	as	the	electron	acceptor.	To	date	this	is	still	one	of	the	best	performing	small	molecules	and	has	yet	to	be	surpassed	by	a	small	molecule	in	a	non-tandem	cell	design.	48	
Table	1.	High	performing	small	molecule	donor	materials	
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	PCE:	7.1%	
Voc:	0.81V	van	der	Poll	
et	al.	46	
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		PCE:	3.16	
Voc:	0.75V	Liang	et	al.	42	
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		PCE:	8.5	
Voc:	0.97V	Cabanetos	et	
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	PCE:	9.3%	
Voc:	0.91V	Li	et	al.				
S
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	PCE:	4.4%	
Voc:	0.61V	Li	et	al.	19b			
1.6.2	Electron	Acceptors		 Although	donor	materials	are	arguably	the	most	important	part	of	a	bulk	heterojunction	 solar	 cell,	 the	 acceptor	material	 is	 also	 of	 significant	 interest	 to	researchers	 as	 increasing	 the	 potency	 of	 electron	 acceptors	 leads	 to	 better	performing	 devices.	 Acceptors	 are	 typically	 compounds	 with	 similar	characteristics	to	donors	in	terms	of	solubility,	stability	and	light	absorption	but	differ	 immensely	 in	 the	 energy	 of	 their	molecular	 orbitals.	 Typically	 low	 lying	HOMO	 and	 LUMO	 energy	 levels	 are	 desirable.	 The	 most	 potent	 electron	acceptors	 are	 the	 fullerene	 analogues	with	 PCBM-PCBM-61	 being	 the	 industry	standard	for	subsequent	testing	and	evaluation	of	novel	donor	materials.		
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An	electron	acceptors	role	is	to	accept	the	electron	that	has	been	excited	in	the	donor	 material.	 It	 must	 also	 have	 complementary	 HOMO/LUMO	 levels	 when	paired	with	a	donor.	Tang	pioneered	the	use	of	the	donor/acceptor	blend	in	the	iteration	of	 the	 first	 “twin-layered”	solar	cell.	Tang	used	a	copper	porphyrin	as	the	 electron	 donor	 and	 a	 pyrelenediimide	 as	 an	 electron	 acceptor,	 as	 seen	 in	Figure	25.	Though	primitive	by	 todays	standard	 it	did	result	 in	an	efficiency	of	approximately	0.95%	and	an	open	circuit	voltage	of	less	than	0.5	V.19f		
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Figure	25.	Analogues	of	perylene	diimide	and	Cu	porphyrin				Although	 the	 first	 acceptor	 within	 a	 two-compound	 organic	 solar	 cell	 was	 a	perylene	 derivative,	 C60	 and	 other	 fullerene	 derivatives	 have	 become	 the	standard	materials	used	in	organic	solar	cell	devices.19f		Harrold	Kroto,	James	Heath,	Sean	O’Brein,	Richard	Smalley	and	Robert	Curl	first	discovered	 buckminsterfullerene,	 or	 C60,	 in	 1985	 while	 working	 at	 Rice	University.	 The	material	 was	 discovered	 when	 graphite	 was	 irradiated	 with	 a	laser	that	caused	the	formation	of	C60.	In	1990	W.	Krätschmer	and	D.	R.	Huffman	developed	a	new	synthesis	 in	which	an	electrical	arc	was	generated	across	two	high	purity	electrodes,	in	an	inert	atmosphere.49	The	soot	collected	was	then	be	purified	 by	 chromatography	 to	 yield	 pure	 C60.	 This	method	 can	 produce	 gram	quantities	 of	 C60,	 however	 given	 that	 other	 fullerenes	 are	 also	 generated	 the	purification	step	can	be	very	costly.			Fullerenes	have	found	extensive	use	 in	organic	electronics,	as	their	structure	 is	inherently	 aromatic	 in	 nature.	 This	 leads	 to	 a	 large	 delocalisation	 of	 electrons	
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and	as	a	result	an	electron	can	be	easily	accepted.	The	electron-rich	environment	also	allows	for	some	chemical	reactions.		Fullerenes	can	be	reacted	with	ozone	to	give	 either	 epoxides	 or	 ethers	 depending	 on	 reaction	 conditions.	 Diels-Alder	reactions	can	also	be	employed	to	give	[2+2]	cycloaddition	products.50		However,	probably	the	most	important	reaction	to	be	employed	on	C60	that	has	led	 to	 its	derivatives	being	used	 in	organic-solar	 cells	 is	 the	Bingel	 reaction.	 In	this	reaction,	fullerenes	can	be	reacted	with	malonates	in	the	presence	of	a	very	strong	base	such	sodium	hydride	or	DBU	(Figure	26).51		
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Figure	26.	Synthesis	of	Bingel	fullerene		This	 reaction	has	 seen	 the	area	of	 fullerene	 research	significantly	expand.	This	also	 led	 to	 the	 synthesis	 of	 one	 fullerene	 analogue,	 PCBM-61	 (Figure	 27).	 This	compound	 is	 the	 standard	 electron	 acceptor	 used	 in	 fullerene-based	 bulk	heterojunction	solar	cells.			
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Figure	27.	Structure	of	PCBM-61		
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When	paired	with	P3HT	the	resulting	solar	cell	generally	gives	power	conversion	efficiencies	 of	 4%52.	 Fullerenes	 however	 are	 limited	 in	many	ways.	 There	 is	 a	high	 cost	 involved	 in	 their	 synthesis,	 and	 there	 is	 also	 limited	 capacity	 with	respect	 to	 changing	 their	 structure	 and	 properties.	 This	 has	 led	many	 to	 seek	alternative	electron	acceptors	with	varying	degrees	of	success.			Another	fullerene	of	note	of	note	is	PCBM-71.	When	used	in	OPV	devices	they	see	an	 increase	 in	 light	harvesting	ability	 in	 the	visible	region.	However,	 it	 is	much	more	expensive	than	its	C60	counterpart	but	performs	much	better	than	PCBM-61.53	PCBM-71	Typically	sees	efficiencies	around	4.7%54	when	paired	with	P3HT;	however	when	paired	with	other	donors	it	can	see	efficiencies	as	high	as	10%55		
O
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Figure	28.	Structure	of	PCBM-71		Research	into	non-fullerene	containing	compounds	for	use	as	acceptors	has	also	shown	some	promise	 for	compounds	 that	do	not	contain	 fullerenes.	Like	many	compounds	that	are	designed	and	used	within	organic	electronics	they	can	exists	as	either	long	chain	polymers	or	as	singular	molecular	entities.	Compounds	that	have	 seen	much	 interest	are	 those	 that	have	areas	of	 electron	deficiency,	most	notably	fluorenes,	naphthalenediimides	(NDI),	diketopyrroolopyrrole	(DPP)	and	some	 porphyrins.	 When	 these	 compounds	 are	 paired	 with	 P3HT,	 efficiencies	below	1%	are	often	seen,	however	there	are	compounds	that	have	seen	results	that	are	comparable	with	that	of	PCBM-61.		
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One	simple	example	of	NDI	as	an	acceptor,	reported	by	Ahmed	et	al.	 is	within	a	simple	small	molecule	assembly	with	varying	 lengths	of	 thiophene	substitution	in	the	2	and	4	positions.	Named	NDI-nT	and	NDI-nTH	where	n	is	the	number	of	thiophenes	 and	 T	 or	 TH	 refers	 to	 the	 level	 of	 alkyl	 substitution.	When	 paired	with	 P3HT	 the	 best	 performing	 acceptor,	 NDI-3TH	 (Figure	 29),	 Ahmed	 et	 al.	achieved	an	efficiency	of	1.5%	with	a	Voc	of	0.82	V.56		
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Figure	29.	Structure	of	NDI-3TH		Other	small	molecules	have	seen	success	as	electron	acceptors.	In	particular	the	DPP	class	of	compounds	have	seen	not	only	a	wide	use	in	organic	photovoltaics	but	also	other	areas	of	organic	electronics	as	well	as	 in	areas	such	as	pigments	and	sensors.57		
Table	2.	Acceptor	performance	
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	PCE:	4.4%	
Voc:	0.61	V	Li	et	al.	19b	
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Voc:	0.82	V	Ahmed	et	al.		56	
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1.7	Diketopyrrolopyrrole	(DPP)			Diketopyrrolopyrrole	(DPP)	is	a	widely	used	compound	that	was	first	discovered	serendipitously	 in	 1974	 by	 Fumar	 et	 al.	 when	 they	 were	 investigating	 the	possibility	 of	 synthesisng	 azetiones	 using	 similar	 conditions	 to	 that	 of	 the	modified	 Reformatskii	 reaction	 that	 is	 used	 to	 derive	 beta-lactams	 and	 2-azetidinones	(Figure	30).58		
		
Figure	30.	Attempted	synthesis	of	azetiones			The	scheme	that	they	then	designed	called	for	refluxing	ethylbromoacetate	and	benzylcyanide	 in	 toluene	 for	 several	 hours	 in	 the	 presence	 of	 a	 zinc	 catalyst.	Fumar	 noted	 that	 the	 colour	 of	 the	 reaction	 went	 from	 “yellow,	 to	 green,	 to	brown,	to	red”.	The	reaction	only	gave	a	small	yield	of	diphenyl-DPP	(Figure	31)	and	 no	 further	 optimization	 of	 the	 reaction	was	 thoroughly	 conducted;	 in	 fact	Fumar	only	published	his	results	as	he	found	them	to	be	“of	sufficient	interest	to	warrant	presentation”.			
	
Figure	31.	Synthesis	of	DPP		In	 1983	 Iqbal	 et	al.	 filed	 a	 patent	 for	 the	 synthesis	 of	 DPP	 derivatives	 in	 high	yields	 by	 condensing	 aryl-cyanides	 in	 the	 presence	 of	 alkali	 metals	 in	 inert	organic	solvents57d.	Later,	in	1997	they	published	their	results	as	well	as	
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discussing	 the	 practical	 aspects	 for	 DPP	 and	 its	 derivatives	 use	 as	 organic	pigments.	Consequently	DPP’s	have	seen	extensive	use	 in	 industry	as	pigments	in	 plastics	 and	 paints,	 due	 to	 their	 inherent	 thermal	 and	 light	 stability.	 Two	common	pigments	are	Fast	red	254	and	Fast	red	255	(Figure	32)	both	only	vary	slightly	in	structure.				
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Figure	32.	Fast	red	254	(left)	and	Fast	red	255	(right)		In	 recent	 times	 the	 synthesis	 of	 DPP	 has	 been	 explored	 more	 fully	 and	derivatives	can	now	be	easily	synthesized	in	good	yields	from	arylcyanides	and	alkyl	succinic	esters	in	the	presence	of	FeCl3	in	a	caustic	alcohol	solution	57e.	It	is	this	 ease	 with	 which	 they	 can	 be	made	 and	 derived	 that	 has	 seen	 them	 used	extensively	 in	many	 applications.	 Their	 vibrant	 colour	makes	 them	perfect	 for	naked	eye	detection	sensors	and	their	broad	absorption	pattern	also	makes	them	perfect	for	use	in	inexpensive	UV-Vis	detection	and	sensing.	There	are	reports	in	the	literature	that	describe	selective	recognition	for	anions	such	as	F-	and	CN-	57c,	59	and	metallic	cations	like	Hg2+,	Cu2+	and	Zn2+.	60				
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Due	 to	 its	optical	properties,	 stability	 and	versatility	DPP	has	also	 found	much	use	in	the	area	of	OPVs	as	well	as	other	areas	of	organic	electronics	13g,	57a,	58,	61.	In	1993	Chan	et	al.	first	described	the	photo-reactivity	and	photo-conductivity	of	a	DPP-based	 polymer	 (Figure	 33)	 and	 found	 that	 a	 small	 current	 was	 observed	when	the	polymer	was	irradiated	by	a	laser.62	The	UV-Vis	spectra	of	the	polymer	showed	the	presence	of	monomer	bands,	however	they	were	red	shifted	which	is	indicative	 of	 lowering	 the	 band-gap	 between	 HOMO	 and	 LUMO	 energy	 levels.	This	 broad	 absorption	 profile	 and	 their	 high	 charge	 mobility	 makes	 them	excellent	candidates	for	use	in	OPV	studies.57b,	57e,	63		
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Figure	33.	First	DPP	polymer	synthesised	for	organoelectronic	studies		Most	 commonly	 used	 as	 a	monomer	 unit	 in	 long	 chain	 polymers	 DPP	 devices	have	seen	power	conversion	efficiencies	as	high	as	8%	when	the	material	is	used	as	an	electron	donor.64	These	compounds	are	usually	synthesised	by	a	coupling	reaction	(Suzuki,	Stille,	Negishi	etc.)	in	which	the	DPP	will	be	di-functionalised	to	have	 two	 terminal	 coupling	 sites	 such	 as	 tri-butyl	 tin,	 boronic	 acids	 or	 halide.	These	compounds	can	then	be	polymerized	with	a	corresponding	compound	that	has	a	matching	terminal	coupling	site.			One	such	compound,	PDPPTPT	(Figure	34)	has	seen	use	in	this	manner	and	has	also	been	coupled	with	various	pi	spacers.	Derivatives	show	very	good	solubility	which	is	a	key	requirement	for	optimal	device	performance13f	As	well	they	have	a	
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respectable	PCE	of	4.5%	when	PCBM-61	was	used	as	an	acceptor	and	5.5%	when	coupled	with	PCBM-70	as	the	acceptor.	This	illustrates	not	only	the	importance	of	compound	design	but	also	the	importance	in	the	design	of	the	device	and	the	acceptor	used.65	 	
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Figure	34.	Structure	of	PDPPTPT		Although	 many	 improvements	 in	 the	 area	 of	 DPP	 polymers	 and	 their	applications	 in	 OPV	 have	 been	 made,	 as	 well	 as	 other	 areas	 of	 organic	electronics,	 there	 has	 also	 been	 work	 into	 its	 use	 as	 a	 component	 in	 small	molecules	either	as	a	central	or	terminal	acceptor	moiety.13g,	61c,	66	The	advantage	of	using	such	compounds	is	the	ease	with	which	they	can	be	synthesized	as	well	as	purified,	which	avoids	many	of	the	hurdles	and	inconsistencies	that	can	arise	from	using	polymeric	compounds.13e	When	using	DPP	as	an	electron	donor	 (p-type)	 component	 within	 small	 molecules	 for	 use	 in	 solution	 processable	 BHJ	devices	PCEs	in	excess	of	5%	are	often	observed	and	in	some	cases	PCEs	as	high	as	15%	are	observed.	13g,	61c,	66.		 	
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Table	3.	High	performing	DPP	electron	donor	polymers	
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PCBM-61	PCE:	6.5%	
Voc:	0.61	V		PCBM-71	PCE:	8.5%	
Voc:	0.59	V	Ashraf	et	al.	65	
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PCBM-61	PCE:	5.8%	
Voc:	0.57	V		PCBM-71	PCE:	7.0%	
Voc:	0.61	V	Ashraf	et	al.	65	
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PCBM-61	PCE:	4.6%	
Voc:	0.57V		PCBM-71	PCE:	7.1%	
Voc:	0.52	V	Ashraf	et	al.	65	
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	PCBM-61	PCE:	6.5%	
Voc:	0.73	V	Dou	et	al.	64	
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	PCBM-61	PCE;	5.5%	
Voc;	0.77	V	Dou	et	al.	64	
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		PCBM-61	PCE:	6.0%	
Voc:	0.76	V	Dou	et	al.	64	
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			PCBM-61	PCE:	3.0%	
Voc:	0.77	V	Dou	et	al.	64				 	
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1.8	DPP	Containing	Small	Molecule	Electron	Acceptors		The	versatility	of	DPPs	have	also	 led	 to	 its	use	within	 small	molecules	used	as	electron	 acceptors.	 Dubbed	 “non-fullerene”	 acceptors,	 these	 compounds	traditionally	have	lower	PCE	and	Voc	when	paired	with	P3HT.	However	they	do	offer	an	cheaper	and	more	chemically	diverse	alternative	to	fullerene	containing	electron	 acceptors.	 Recent	 work	 has	 seen	 a	 steady	 increase	 in	 Voc	 to	 a	comparable,	 and	 in	 some	 instances	 higher,	 level	 to	 P3HT:PBM61.	 Work	 on	increasing	 efficiency	 has	 also	 seen	 a	 steady	 increase	 from	 levels	 below	 1%	 to	levels	above	2%	in	only	a	few	years.			A	simple	use	of	DPP	within	small	molecules	was	explored	by	Karsten	et	al..	They	investigated	two	simple	DPP	analogues	as	potential	electron	acceptors.	Their	use	in	a	system	based	on	a	thenaldehyde	derivative	bearing	either	one	(DPP-T1)	or	two	(DPP-T2)	thiophene	moieties	(Figure	35).57a		
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Figure	35.	Structures	of	DPP-T1	(left)	and	DPP-T2	(right)		Both	compounds	showed	the	desired	optical	properties	and	also	had	sufficiently	placed	HOMO/LUMO	orbitals	to	be	used	in	conjunction	with	P3HT.	The	devices	fabricated	 from	 these	 compounds	 showed	 that	 DPP-TA1	 had	 a	 maximum	efficiency	of	0.31%	and	a	Voc	of	0.52V	and	DPP-T2	showed	a	PCE	of	0.24%	and	a	
Voc	of	0.85V.	These	results	clearly	illustrate	the	potential	use	of	DPP	within	a	BHJ	
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as	 a	 non-fullerene	 acceptor.	 As	 well,	 these	 DPP	 aldehyde	 compounds	 are	 also	interesting	starting	materials	for	use	in	other	DPP	chemistry.			Work	 from	Sonar	et	al..	 has	 also	 seen	DPP	used	within	 a	BHJ	 device	 as	 a	 non-fullerene	electron	acceptor.	Using	DPP	as	a	central	moiety	end	capped	with	poly	fluorinated	aromatics	has	given	comparable	Voc	 to	that	of	a	P3HT:PCBM-61	cell	with	an	efficiency	of	1%,	namely	TFPDPP	(Figure	36).67			
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Figure	36.	Structure	of	TFPDPP			Other	 compounds	 synthesised	 in	 their	 study	 also	 showed	 some	 level	 of	conversion,	typically	in	the	0.5%	mark	with	moderate	Voc	values	around	the	0.25	–	0.6	V	range.		
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DPP	 has	 also	 seen	 use	 as	 a	 terminal	 moiety	 -	 so	 called	 bis-DPP	 compounds.	Typically	they	show	high	Voc	and	moderate	PCE	values.	They	also	show	suitable	optical	and	electronic	properties	with	suitably	positioned	HOMO/LUMO	orbitals.	Work	 by	 Patil	 et	 al.	 on	 such	 compounds	 yielded	 a	 simple	 bis-DPP	 (DPP-1)	molecule	(Figure	37)	with	a	high	Voc	of	1.1	V	and	moderate	PCE	of	1.2%.68	The	amount	 of	 solubilizing	 alkyl	 chains	 allowed	 for	 simple	 and	 efficient	 solution	processing	 and	 interestingly	 the	 processing	 methods	 also	 showed	 to	 have	 an	affect	on	the	performance	of	the	device.				
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Figure	37.	Structure	of	DPP-1			
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More	 recently,	 Lin	 et	 al.	 developed	 a	 bis-DPP	 compound	 with	 a	 dibenzosilole	central	moiety	(DBS-2DPP)	(Figure	38),	a	similar	molecule	to	that	of	Patil	et	al..	68	As	with	other	bis-DPP	molecules	both	the	optical	and	electronic	properties	of	the	compound	 were	 suitable	 for	 use	 with	 P3HT.	 The	 compound	 also	 showed	excellent	physical	and	processing	properties,	mainly	in	part	to	the	large	number	of	alkyl-solubilising	groups.	DBS-2DPP	showed	an	impressive	PCE	of	2%,	almost	on	par	with	that	of	PCBMPCBM-61,	and	a	decent	Voc	of	0.97	V.				
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Figure	38.	Structure	of	DBS-2DPP		
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One	DPP	 compound	 in	 particular	 is	 of	 interest	 given	 its	 structure.	 It	 is	 in	 part	similar	to	the	bis-DPP	molecules	but	uses	a	triphenyl	amine	(TPA)	as	its	central	core	 and	 has	 three	 terminal	 DPP	 units,	 namely	 S(TPA-DPP).	 Synthesised	 and	evaluated	as	a	non	fullerene	acceptor	by	Lin	et	al.	the	compound	showed	decent	PCE	of	1.2%,	but	had	a	very	impressive	Voc	of	almost	1.2V.69		
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Figure	39.	Structure	of	S(TPA-DPP)		
Table	4.	High	performing	small	molecule	DPP	compounds	
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		PCE:	0.31%	
Voc:	0.52	V	Karsten	et	al.	57a	
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		PCE:	0.24%	
Voc:	0.85	V	Karsten	et	al.	57a	
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		PCE:	1%	
Voc:	0.25	–	0.6	V	Sonar	et	al.	67			
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		PCE:	1.2%	
Voc:	1.1	V	Patil	et	al.	61a	
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		PCE:	2.0%	
Voc:	0.97	V	Lin	et	al.	68	
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						PCE:	1.2%	
Voc:	1.2	V	Lin	et	al.	69	
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1.9	Literature	limitations	and	Project	Aims.			 Small	molecules	are	only	now	starting	 to	push	 the	boundaries	 to	where	they	 can	 see	 actual	 use	 in	 real	 world	 applications.19d,	 70	 In	 general,	 heavily	aromatized	and	conjugated	small	molecules	suffer	from	poor	solubility	leading	to	either	 poor	 formation	 of	 heterogeneous	 mixtures	 as	 well	 as	 the	 formation	 of	aggregates.25a,	71	They	may	also	have	poor	absorption	profiles,	 especially	 in	 the	visible	region,	which	inevitably	leads	to	poor	device	performance.39b,	72	Multistep	synthesis	 and	 isolation	 of	 products	 can	 also	 be	 an	 issue,	 particularly	 when	synthesizing	 compounds	with	 poor	 solubility.	 The	 purification	 and	 isolation	 of	compounds	 commonly	 used	 such	 as	 fullerene	 derivatives	 and	 heavily	 regio-regular	polymers	are	also	big	 factors	 in	contributing	 to	 the	high	cost.	This	cost	can	 have	 implications	 on	 the	 viability	 and	 usability	 of	 newer	 technology	stemming	from	organic	electronics.12,	16c		The	 overall	 aims	 of	 the	project	were	 to	 synthesise	 compounds,	 both	 acceptors	and	donors,	with	high	efficiencies	and	high	Voc.	The	compounds	themselves	must	also	 be	 soluble	 in	 common	 laboratory	 solvents	 (i.e.	 chloroform,	 toluene,	dichloromethane	etc.)	if	they	are	to	be	easily	purified	and	processed.	It	is	also	the	aim	 of	 this	 project	 to	 determine	 the	 effects	 of	 different	 separator	 units	 and	 pi	spacers	have	on	a	compounds	performance	within	a	bulk	heterojunction	cell.	 It	would	also	be	desirable	for	the	compounds	to	be	simple	in	construction	relying	on	 simple	well-understood	 reactions	 as	well	 as	 using	 relatively	 cheap	 starting	materials.			
1.9.1	Overcoming	the	Issues	Described	in	the	Literature			In	 order	 to	 overcome	 the	 issues	 proposed	 in	 the	 literature	 simple	 molecules	must	be	synthesised	that	have	strong	absorption	profiles	in	the	visible	and	near-IR	 regions,	 have	 good	 solubility	 and	 possess	 appropriate	 HOMO/LUMO	 levels.	The	project’s	aim	was	 to	address	 these	points	by	 the	synthesis	of	novel	mono-	
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and	bis-DPP	homologues	through	simple	means	such	as	Knovelnagel	and	Suzuki	couplings.	 Novel	 TPA	 homologues,	 will	 also	 be	 prepared,	 for	 use	 as	 electron	donors	within	the	small	molecules.			Both	DPP	and	TPA	have	shown	use,	even	together,	within	organic	photovoltaics.	The	 aim	 here	 was	 to	 use	 the	 already	 well-known	 properties	 of	 these	 small	molecules	 to	 produce	 simple	 compounds	 with	 novel	 structures	 and	 their	application	 in	 solution	 processable	 bulk	 hetero	 junction	 cells.	 An	 overview	 of	which	is	outlined	for	each	homologue	below			
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			N7	and	N8,	bis-DPP	small	molecule	A-D-A	electron	acceptors.	
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			A1	–	A4,	mono-DPP	A-A-A	small	molecules	electron	acceptors.	
Table	5.	Generic	structures	of	compounds	synthesised	in	this	project	
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1.10	Outline	of	Chapters	2	–	5		
1.10.1	 Outline	 of	 	 “Significant	 Improvement	 of	 Optoelectronic	
and	 Photovoltaic	 Properties	 by	 Incorporating	 Thiophene	 in	 a	
Solution-Processable	D–A–D	Modular	Chromophore”		The	 compounds	 AS1	 ((2Z,2'Z)-2,2'-(1,4-phenylene)bis(3-(4-(diphenyl-amino)phenyl)acrylonitrile)	 and	 AS2	 ((2Z,2'Z)-2,2'-(1,4-phenylene)bis(3-(5-(4-(diphenylamino)phenyl)thiophen-2-yl)acrylonitrile)	 (Figure	 40),	 were	synthesised	 using	 condensation	 reactions	 between	 1,4-phenylacetonitrile	 and	the	appropriate	aldehyde.	The	compounds	differ	only	in	the	added	thiophene	π-spacer	 that	 exists	 in	 AS2.	 They	 were	 obtained	 in	 moderate	 yields	 and	 the	purification	of	AS2	can	be	achieved	by	simple	recrystallisation.	AS1	was	isolated	as	 an	 off-white	 amorphous	 powder	 whereas	 AS2	 was	 isolated	 as	 brick	 red	needle-like	 crystals.	 The	 optical	 properties	 AS2	 shows	 a	 far	 superior	 light	harvesting	ability	than	AS1	in	both	the	film	and	solution	form.	AS2	also	showed	a	decrease	 in	 bandgap	 with	 a	 corresponding	 red	 shift	 of	 the	 UV-Vis	 spectrum.	When	paired	with	PCBM-61	AS1	gave	a	PCE	of	1.23%	whereas	AS2	saw	a	greater	than	 three	 times	 increase	of	PCE	 to	4.1%,	greater	 than	 that	of	 a	 similar	device	from	P3HT	fabricated	in	similar	fashion.			
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Figure	40.	Structures	of	AS1	(top)	and	AS2	(bottom)	
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1.10.2	Outline	of	“A	diketopyrrolopyrrole	and	benzothiadiazole	
based	 small	 molecule	 electron	 acceptor:	 design,	 synthesis,	
characterization	and	photovoltaic	properties”		Compound	N6	(6,6'-(5,5'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(thiophene-5,2-diyl))bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione)	 (Figure	 41),	 a	 simple	 solution-processable	 small	 molecule	electron	 acceptor	was	 designed	 and	 synthesized.	 Based	 on	 the	 bis-DPP	model	using	 benzothiadiazole	 as	 a	 central	 moiety,	 the	 compound	 displayed	 excellent	solubility	 and	 strong	 absorption	 in	 the	 visible	 range	 in	 both	 solution	 and	 film	form.	When	paired	with	P3HT	as	a	donor	in	a	BHJ	device,	a	PCE	of	1.16%	with	an	impressively	 high	Voc	of	 1.1	V,	 amongst	 the	 best	 performing	DPP	non-fullerene	electron	acceptors	at	the	time	of	publication.			
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Figure	41.	Structure	of	N6	
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1.10.3.	 Outline	 of	 “A	 non-fullerene	 electron	 acceptor	 based	 on	
central	 carbazole	 and	 terminal	 diketopyrrolopyrrole	
functionalities	 for	 efficient,	 reproducible	 and	 solution-
processable	bulk-heterojunction	devices”			Another	bis-DPP	molecule,	N7	(6,6'-(5,5'-(9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl)bis(thiophene-5,2-diyl))bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione)	 (Figure	 42),	 is	 a	 non-fullerene	acceptor	 composed	of	a	 central	 carbazole	moiety	with	 terminal	DPP	units.	The	compound	 shows	 excellent	 solubility	 and	 was	 purified	 simply	 by	 preparative	thin	 layer	 chromatography.	 The	 compound	 showed	 strong	 absorption	 in	 the	visible	 range	 and	 excellent	 solubility	 in	 common	 organic	 solvents	 due	 to	 the	alkylation	of	the	carbazole	unit.	When	paired	with	P3HT	the	compound	showed	high	efficiency	giving	a	PCE	of	2.3%	with	an	Voc	of	~1.2	V,	among	the	highest	for	the	simple	device	architecture.			
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Figure	42.	Structure	of	N7		
	 57	
1.10.4	Outline	of	A-class	compounds		The	A-class	compounds	(Figure	43)	were	designed	with	simplicity	 in	mind.	For	this	DPP	was	chosen	as	a	central	moiety	to	which	a	number	of	known	electron	acceptor	 units	 were	 bound	 via	 condensation	 reaction	 from	 the	 corresponding	DPP	 bis-aldehyde.	 The	 compounds	 showed	 good	 absorption	 in	 the	 UV	 region	and,	 given	 the	 compounds	 structure	 and	 previous	 success	 from	 other	 groups	with	mono	DPP	analogues,67	had	potential	for	use	as	electron	acceptors	in	a	BHJ	device.	 Unfortunately	 their	 inherent	 insolubility	 in	 common,	 and	 even	 exotic,	solvents	meant	that	purification	was	difficult,	leading	to	a	mixture	of	the	mono-	and	 di-condensed	 compounds	 that	 were	 nearly	 impossible	 to	 separate.	Consequently	 poor	 OPV	 performances	 in	 a	 BHJ	 were	 observed	 for	 two	 of	 the	compounds	 (A3	 and	 A4)	 and	 the	 later	 two	 were	 retired	 as	 a	 result	 of	 this	outcome.		
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Figure	43.	Strucutres	of	A1	(top-left),	A2	(top	right),	A3	(bottom	left)	and	A4	(bottom	right)	
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Modular Chromophore 
 
 
   Journal article published in Molecules 2015, 20, 21787–21801 presented as 
Chapter 2. 
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3.0 A diketopyrrolopyrrole and benzothiadiazole 
based small molecule electron acceptor: design, 
synthesis, characterization and photovoltaic 
properties 
 
   Journal article published in RSC Adv. 2014, 4, 57635-57638 presented as 
Chapter 3.      
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4.0 A non-fullerene electron acceptor based on central 
carbazole and terminal diketopyrrolopyrrole 
functionalities for efficient, reproducible and solution-
processable bulk-heterojunction devices 
 
 
ITO/P3HT:N7 (1:1.2)Ca/Al 
ƞ = 2.30%; Voc = 1.17 V 
   Journal article published in RSC Adv. 2016, 6, 28103–28109 presented as 
Chapter 4.      
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5.0 Class-A compounds   The class-A compounds were designed with the concept of having an acceptor-acceptor-acceptor compound with DPP at the core (Figure 1). Compounds of this nature typically have low laying HOMO/LUMO levels as well as the desired optical properties required form OPV chromophores.1These compounds have seen some success and have offered mixed results in terms of PCE2, however they do yield relatively high Voc considering the simplicity of the design. Sonar et 
al. reported on these type of compounds in 2010; since then they have rarely appeared in the literature.2-3  With comparability in mind four compounds were designed. Two of the compounds had cyano-bearing acceptor moieties, and the other two were rhodanine and barbituric acid homologues. These compounds were chosen in order to give insight into the role of ring size and cyano acceptor moieties within simple DPP acceptor chromophores.   
 
Figure 1. Generic Structure of class-A compounds  
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Synthesis of the class-A compounds was relatively straightforward.  All compounds were synthesised from a DPP bis-aldehyde and the corresponding acceptor moiety (Figure 2) after refluxing in methanol overnight. This also allowed for simple isolation of the product by filtration, as it is insoluble in cold methanol.   
 
Figure 2. Class-A route of synthesis  The synthesis of the compounds appeared successful and1HNMR spectroscopy showed the presence of the desired compound with small amounts (estimated 10-15% via integration) of the mono condensed form, with one remaining unreactedcarbaldehyde group. Thin layer chromatography indicated it was possible to separate the components and traditional purification methods were employed including, flash chromatography, preparative thin layer chromatography and crystalisation. However, poor solubility meant that a 
A3 A4 
A1 
A2 
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column or preparativeTLC plate could only be loaded with a small amount of material andonly very small (2 – 3mg) of “pure” disubstituted material was obtained. Dry loading was also attempted for flash chromatography, however the 
mixture just tailed as though it “leached” from the silica as opposed to desorbing resulting in constant overlap of both the desired compound and the mono-condensed impurity. Other, non-standard methods such as bulb-to-bulb distillation andderivatisation of the mono-aldehyde impurity to alter its solubility and retention time were also trialed, however these attempts were ultimately unsuccessful.    As all Class-A compounds exhibited only slight solubility in common laboratory solvents (DCM, CHCl3, toluene etc.) both purification and full characterisation (in particular 13CNMR) was not possible to a satisfactory degree. Obtaining 1HNMR spectra was possible but required hundreds of scans and gave interpretable, albeit poor quality, spectra. As is clear from the 1H NMR spectrum below (of A3, see supplementary data for all class-A compounds) a clear distinguishable peak for the carbaldehyde proton at approximately 10ppmwas present.  
 
Figure 3. 1H NMR of A3 
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 Although pure samples of the class-A compounds could be obtained, it was only in small (2 – 3mg at a time) quantities. The barbituric acid derivative,could be purified (Figure 4) by washing the sample with hot hexanes as the mono-condensed compound was slightly more soluble. However, some of the desired compound was also lost.   
 
Figure 4. 1H NMR of pure A3   
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Even thought the compounds were not overly soluble, the UV-Vis spectra (Figure 5) in solution were obtained. They showed decent absorption with typical onset of absorption around the 750 – 790 nm mark, corresponding to band-gaps of1.57 eV to 1.65 eV. This is inline with other DPP compounds that have seen use as acceptors in bulkheterojunction devices. These results offered some solace to the otherwise troublesome compounds.    
 
Figure 5. UV-Vis of class-A compounds in chloroform  It was hoped that, despite the poor solubility of the compounds, their optical properties may offer compensation when employed in a bulkheterojunction OPV device. A5 and A6 were chosen for initial testing, as they were the purest of the analogues, andtheir structures offered an interesting comparison due to their varying ring size. Unfortunately both compounds displayed little to no activity as electron acceptors. For this reason,together with cost and time constraints the Class-A compounds were not considered for further testing and analysis.     
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1. Popere, B. C.; Della Pelle, A. M.; Thayumanavan, S., BODIPY-Based Donor–
Acceptor π-Conjugated Alternating Copolymers. Macromolecules 2011,44 (12), 4767-4776. 2. Sonar, P.; Ng, G.-M.; Lin, T. T.; Dodabalapur, A.; Chen, Z.-K., Solution processable low bandgap diketopyrrolopyrrole (DPP) based derivatives: novel acceptors for organic solar cells. J. Mater. Chem. 2010,20 (18), 3626. 3. (a) Patil, H.; Zu, W. X.; Gupta, A.; Chellappan, V.; Bilic, A.; Sonar, P.; Rananaware, A.; Bhosale, S. V.; Bhosale, S. V., A non-fullerene electron acceptor based on fluorene and diketopyrrolopyrrole building blocks for solution-processable organic solar cells with an impressive open-circuit voltage. Phys. 
Chem. Chem. Phys. 2014,16 (43), 23837-23842; (b) Li, Y.; Sonar, P.; Singh, S. P.; Soh, M. S.; van Meurs, M.; Tan, J., Annealing-Free High-Mobility 
Diketopyrrolopyrrole−Quaterthiophene Copolymer for Solution-Processed Organic Thin Film Transistors. J. Am. Chem. Soc. 2011,133 (7), 2198-2204.  
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6.0	Conclusion		
6.1	Acceptor	compounds		The	 use	 of	 organic	 compounds	 in	 photovoltaic	 cells	 has	 many	 challenges	 to	overcome	 before	 they	 can	 see	 actual	 use	 in	 generating	 usable	 quantities	 of	electricity	at	an	affordable	price.	As	was	seen	in	the	early	years	of	inorganic	solar	cells	 their	 efficiencies	 and	 cost	 meant	 that	 they	 only	 saw	 use	 in	 specialized	sectors,	such	as	military	and	scientific	experimentation.	Nonetheless,	once	their	power	output	was	capable	of	doing	so,	they	started	supplying	the	energy	needed	to	 operate	 everyday	 devices	 such	 as	 radios.	 Over	 the	 course	 of	 years	 they	 are	now	in	common	use.	Portable	devices	 like	calculators	and	watches	use	them	to	recharge	 batteries	 that	 allow	 them	 to	 see	 continuous	 use,	 and	 more	 recently	there	 has	 been	 an	 explosion	 in	 their	 use	 to	 generate	 domestic	 power,	 thanks	chiefly	 to	 the	 decreased	 costs	 of	 their	 production	 as	 well	 as	 generous	government	subsidies.			Although	 organic	 solar	 cells	 currently	 have	 relatively	 low	 efficiencies	 when	compared	 to	 their	 inorganic	 counterparts	 they	 have	 the	 potential	 to	 be	much	cheaper	 due	 to	 the	 low	 cost	 of	 bulk	 synthesis	 of	 compounds	 and	 far	 more	practical	 as	 a	 result	 of	 their	 light	 weight	 and	 flexible	 architecture.	 The	 cost	savings	 not	 only	 come	 from	 the	 compounds	 themselves	 but	 also	 the	 way	 in	which	they	are	fabricated,	as	organic	solar	cells	such	as	bulk	heterojunction	cells,	can	be	manufactured	using	 cheap	methods	 like	 roll-to-roll,	 and	 inkjet	printing.	This	also	means	that	shapes	and	sizes	can	be	easily	customized	to	suit	almost	any	specification,	 unlike	 traditional	 solar	 cells	 that	 usually	 come	 in	 standard	 sizes	with	little	variation	from	the	standards.			However	there	are	still	many	barriers	that	need	to	be	overcome	in	order	to	see	these	 applications	 a	 reality.	 Chiefly	 is	 the	 issue	 with	 efficiency.	 This	 project	attempted	to	achieve	this	by	synthesising	an	array	of	small	molecules	for	use	as	
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both	electron	donors	and	electron	acceptors	for	use	in	bulk	heterojunction	solar	cells,	in	the	hopes	of	achieving	high	efficiencies	with	simple	compounds.				For	 the	 electron	 acceptors	 chosen	 for	 further	 investigation	 the	 use	 of	 di-DPP	compounds,	labeled	N6	–	N8.			DPP	was	chosen	as	 it	 in	 itself	 is	a	simple	compound	that	can	be	synthesized	 in	gram	–	kilogram	quantities.	When	used	 in	either	 small	molecules	or	polymeric	materials,	 DPP	 analogues	 have	 been	 shown	 to	 be	 adequate	 non-fullerene	electron	 acceptors.	 For	 polymeric	 DPP	 compounds,	 efficiencies	 as	 high	 as	 5%	have	 been	 observed	 when	 blended	 with	 P3HT	 as	 the	 donor	 material.	 Small	molecules,	 however	 seldom	 see	 such	 gains	 with	 efficiencies	 typically	 ranging	from	0.5	–	2.0%,	usually	with	a	low	Voc	(less	than	1	V),	however	some	reports	of	these	compounds	reaching	efficiencies	as	high	as	3%	with	Voc	greater	than	1	V	do	exist.	These	compounds	(N6	&	N7)	were	both	synthesized	 in	decent	yields	and	were	 typically	 soluble	 in	 common	 solvents	 ensuring	 simple	 and	 effective	purification	as	well	as	processing.			
6.1.1	N6	
	
	
Figure	1.	Structure	and	performance	of	N6		
S
S
N
N
S
O
O
N
N
O
O
S
N
S
N VOC	:	1.08	V		
JSC	:	2.06	mA/cm2		PCE	:	1.16%		
	 131	
Fullerenes	 are	 the	 most	 commonly	 used	 acceptor	 component	 in	 bulk	heterojunction	cells.	This	is	due	to	its	excellent	performance	as	well	as	its	ease	to	work	with.	However	at	a	cost	of	$1300	for	500	mg	it	is	expensive.	This	is	in	part	due	to	the	manner	in	which	C60	is	isolated	and	purified.	This	led	us	to	investigate	the	use	of	alternate	compounds	as	acceptor	materials	within	BHJ	cells.	Based	on	a	simple	A-D-A	system,	N6	uses	DPP	as	a	terminal	acceptor	unit	and	thiodiazone	as	its	central	donor.	The	material	showed	excellent	solubility	and	was	syntesised	in	a	decent	yield	of	72%.	The	compound	also	showed	moderate	thermal	stability	with	 degradation	 occurring	 at	 150°C.	 When	 tested	 for	 their	 photovoltaic	performance	the	best	device	was	shown	to	have	a	PCE	of	1.18%	and	a	high	Voc	of	1.08	V	with	a	Jsc	of	2.06	mA/cm2.	Although	the	efficiency	of	the	cell	is	moderate	by	todays	standards	it	is	still	within	the	range	of	what	is	commonly	seen	for	non	fullerene	acceptors	and	its	open	circuit	voltage	is	still	among	the	highest	for	this	type	of	device.			
6.1.2	N7	
	
	
Figure	2.	Structure	and	performance	of	N7	
		Building	on	the	success	that	was	had	with	the	A-D-A	system	in	which	DPP	was	used	 as	 the	 terminal	 acceptor	moiety,	 N7	was	 designed	 and	 synthesised.	 This	
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compound	used	a	simple	carbazole	derivative	as	its	core	component.	Synthesised	in	a	similar	fashion	as	to	N6,	N7	was	also	obtained	in	a	decent	yield.	Despite	their	chemical	and	structural	similarities	however,	N7	showed	a	much	higher	thermal	stability	than	that	of	N6,	with	no	sign	of	degradation	until	380°C.	Overall	N7	out	performed	N6	in	every	measurable	way	and	gave	a	PCE	of	2.3%,	a	Voc	of	1.17	V	and	a	Jsc	of	3.16	mA/cm2.		These	result	are	very	encouraging	considering	recent	results	 in	 the	 literature	 for	 similar	 non-fullerene	 DPP	 acceptor	 systems	 have	efficiencies	of	about	3%,	with	similar	Voc.	
	
6.1.3	A1	–	A4	DPP	Compounds			
	
Figure	3.	Structure	of	A-Class	compounds		As	previously	discussed	A1	–	A4	were	difficult	to	obtain	as	a	pure	product.	The	main	 impurity	 of	 these	 compounds	was	 the	mono-substituted	 derivative.	 This	was	observed	in	the	1HNMR	as	a	proton	with	a	chemical	shift	corresponding	to	
N
NO
O
S
S
CN
NC
NO2
O2N
N
N
O
O
S
S
N
N
O
O
S S
CN
CN
O
O
O
N
N
O
O
S
S
O
O O
N
N
N
N
SN
S N
C4H9
C4H9
O
O
O
O
C4H9
O
C4H9
O
O
S
O
S
	 133	
that	 of	 a	 formyl-group	 proton	 (ppm	 approx.	 10)	 being	 present.	 As	 it	 became	evident	 that	 the	 mono-substituted	 compound	 was	 the	 main	 impurity	 in	 these	DPP	derivatives,	attempts	to	drive	the	reaction	to	completion	were	undertaken.	These	attempts	included	the	use	of	high	boiling	solvents	and		catalytic	ammounts	of	base	and	acid	but	despite	these	modifications	no	change	was	observed	in	any	of	the	reactions.	The	only	manner	in	which	to	obtain	the	compounds	in	any	form	of	purity	sufficient	for	testing	was	to	conduct	purification	after	purification	and	in	 a	 sense	 “enrich”	 the	 sample	 towards	 a	 useable	 standard.	 This	meant	 a	 high	throughput	of	sample	for	minimal	amount	of	pure	compound.			As	 is	 often	 the	 way	 with	 compounds	 used	 in	 bulk	 heterojunction	 devices	solubility	 is	paramount	in	order	for	them	to	be	processed.	Compounds	A1	–	A4	all	displayed	the	necessary	optical	and	electronic	characteristics	needed	in	order	to	 work	 within	 BHJ	 cells.	 However	 they	 presented	 poor	 solubility	 in	 common	organic	 solvents	 (toluene,	 chloroform,	 dichloromethane)	 as	 well	 as	 other	“exotic”,	 less	 common	 solvents	 such	 as	 chloro-benzene,	 1,2	 and	 1,4	dichlorobenzene	 and	 tetrachloroethylene.	 Consequently	 simple	 and	 efficient	purification	was	near	 impossible	and	even	when	a	moderately	pure	compound	was	obtained	the	devices	from	it	suffered	with	poor	performance	and	efficiency.		Consequently	they	will	likely	never	be	used	as	compounds	in	bulk	heterojunction	solar	cell	devices	in	their	current	form.		The	issue	of	compound	solubility	is	a	known	one	and	studies	into	the	affects	of	solubility	 on	 device	 performance	 for	 simple	 devices	 of	 P3HT	 blended	 with	various	 derivatives	 of	 C60	 and	 C70	 and	 showed	 that	 there	 is	 a	 relationship	between	 solubility	 and	 performance.	 This	 relationship	most	 likely	 arises	 from	the	effect	 that	 the	solubility	of	 the	acceptor	material	has	on	 the	morphology	of	the	device.	I	this	study	Troshin	et.	al	aim	was	to	give	insight	into	found	that	the	optimal	solubility	for	a	P3HT:Fulerene	blend	was	30	–	80	mg/ml	and	it	would	be	safe	 to	assume	that	a	similar	relationship	would	exist	 for	other	donor-acceptor	pairs,	 from	 their	 work	 Toshin	 et.	 al	 concluded	 that	 in	 order	 to	 have	 “correct	material	combinations”	there	must	be	a	similarity	in	solubility,	this	unfortunetly	was	not	the	case	for	A1	–	A4.1	
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		Other	research	also	suggests	that	solublising	groups,	usually	long	saturated	alkyl	chains,	play	a	significant	role	in	a	compounds	performance	within	a	BHJ	cell	most	likely	 due	 to	 the	 affect	 this	 has	 on	 its	 morphology.	 Within	 simple	 polymers	Piliego	et.	al	demonstrated	that	the	length	and	shape	of	N-substituted	alkyl	chain	played	a	significant	role		in	manipulating	device	efficiency	as	well	as	morphology.	Although	 the	 output	 voltage	 of	 these	 different	 materials	 changed	 negligibly	device	 efficiency	 increased	as	 a	direct	 result	 of	 increased	 current	density.	This	resulted	in	a	range	of	efficiencies	from	2.8	–	6.8%.2		Consequently	the	poor	performance	of	the	A1	–	A4	is	a	direct	result	of	 its	poor	solubility.	 However	 it	 is	 worth	 note	 that	 the	 compounds	 displayed	 all	 the	required	optical	and	electronic	charecteristics	and	warrant	further	investigation.	With	 tuning	 of	 the	 solubility,	 these	 compounds	 may	 lead	 to	 a	 further	understanding	of	DPP	analogues	and	their	use	within	solution	processable	cells.				
6.2	Donor	Materials:	
	
6.2.1	AS1	and	AS2		It	was	a	desire	to	keep	the	methodologies	and	preparative	techniques	as	simple	as	 possible.	 This	 was	 achieved	 by	 keeping	 to	 simple	 synthetic	 methods	 from	easily	 attainable	 starting	 materials.	 In	 keeping	 with	 the	 idea	 of	 simplicity	 the	purification	techniques	used	are	also	trivial.		It	 was	 found	 that	 the	 activity	 of	 a	 simple,	 yet	 efficient,	 compound	 (AS1)	 was	significantly	 enhanced	 by	 the	 insertion	 of	 a	 π-spacer	 (thiophene)	 between	 the	donor	 and	 acceptor	 regions	 of	 that	 molecule.	 AS1	 and	 AS2	 used	 an	 almost	identical	 donor-acceptor-donor	 motif	 of	 design	 the	 only	 difference	 being	 that	AS2	used	a	thiophene	pi-spacer	between	the	regions	of	donor	and	acceptor.	This	significantly	 enhanced	 the	 light	 absorption	 properties	 of	 AS2	 as	 well	 as	 red-
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shifting	lambda	max,	indicative	of	a	decrease	in	the	optical	bandgap.	The	power	conversion	efficiencies	of	AS1	and	AS2	were	1.23%	and	4.11%	respectively	–	the	presence	of	the	theiophene	spacer	resulted	in	a	greater	than	threefold	increase	in	efficency	AS2	was	also	a	very	simple	molecule	 to	purify	and	was	attained	 in	significant	yield.	The	use	of	simple	column	chromatography	and	recrytalisation	assured	that	AS2	was	isolated	in	good	quantities	as	well	as	high	purity.	AS2	also	displayed	 fantastic	 solubility	 in	 common	 organic	 solvents	 such	 as	 toluene,	chlorobenzene	and	chloroform,	which	is	essential	for	p-type	materials	if	they	are	to	be	incorporated	into	a	bulk	heterojunction	device		 	
	
Figure	4.	Structure	and	performance	of	AS1	&	AS2		
6.3	Future	Direction:		As	 demonstrated	 by	 AS2,	 π-spacer	 selection	 can	 play	 a	 significant	 role	 in	compound	 and	 device	 performance.	 Future	 work	 in	 this	 area	 would	 benefit	greatly	from	further	 investigation	as	has	been	demonstrated	here.	Also,	a	more	in	depth	and	computational	approach	could	be	under	taken	in	a	similar	manner	to	that	seen	in	pharmaceutical	research	in	which	QSAR	has	aided	researchers	in	finding	optimal	structures.	This	technique	determines	the	efficacy	of	an	array	of	compounds,	all	structurally	similar	but	with	minor	variations.	Some	of	the	most	common	approaches	to	this	method	are	simple	substitutions	on	aromatic	rings.	This	 approach	would	be	useful	 in	 not	 only	determining	how	different	 electron	donating	or	withdrawing	groups	affect	the	overall	efficiency	of	a	given	structure.			
AS2	VOC	:	0.88	V		
JSC	:	8.01	mA/cm2		PCE	:	4.1%		AS1	VOC	:	0.9	V		
JSC	:	3.15	mA/cm2		PCE	:	1.23%		
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Future	work	 building	 on	what	 has	 already	 been	 achieved	with	A1	 –	A4	would	also	offer	better	insight	into	the	behavior	of	A-A-A	molecules	and	their	limits.	It	would	 be	 advantageous	 to	 investigate	 the	 possible	 use	 of	 better	 solubilizing	agents	 such	 as	 poly-ethers	 or	 different	 types	 of	 alky	 chains.	 This	 would	 give	insight	into	whether	the	poor	performance	of	such	materials	is	directly	related	to	their	processability	or	their	actual	electronic	properties.				1.	 Troshin,	P.	A.;	Hoppe,	H.;	Renz,	J.;	Egginger,	M.;	Mayorova,	J.	Y.;	Goryachev,	A.	E.;	Peregudov,	A.	S.;	Lyubovskaya,	R.	N.;	Gobsch,	G.;	Sariciftci,	N.	S.;	Razumov,	V.	F.,	 Material	 Solubility-Photovoltaic	 Performance	 Relationship	 in	 the	 Design	 of	Novel	 Fullerene	 Derivatives	 for	 Bulk	 Heterojunction	 Solar	 Cells.	 Adv.	 Funct.	
Mater.	2009,	19	(5),	779-788.	2.	 Piliego,	 C.;	 Holcombe,	 T.	W.;	 Douglas,	 J.	 D.;	Woo,	 C.	 H.;	 Beaujuge,	 P.	 M.;	Fréchet,	 J.	 M.	 J.,	 Synthetic	 Control	 of	 Structural	 Order	 inN-Alkylthieno[3,4-c]pyrrole-4,6-dione-Based	 Polymers	 for	 Efficient	 Solar	 Cells.	 J.	 Am.	 Chem.	 Soc.	
2010,	132	(22),	7595-7597.		
